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The idea of controlling light with light was proposed more than 20 years ago. 
Different methods for all-optical communication systems have been developed, most 
of which include optical nonlinear effects. As an example we can mention the idea of 
the ultrafast all-optical gate based on nonlinear effects in LiNbO3. 
Two-photon absorption as a nonlinear effect has been considered an attractive 
solution for several applications including all-optical switching or demultiplexing. 
Frontier research in photonics revolves around development and characterization of 
materials with large and fast nonlinear optical susceptibilities. One of the main 
motivations of studying nanostructures is their potential as materials for photonic 
applications. This dissertation presented detailed nonlinear optical studies performed 
on CdS and Au:CdS nanocomposites. Pump-probe experimental method was 
employed to study the nonlinear optical properties.  
 Our measurements concentrated on finding the two-photon absorption 
coefficients of CdS : (a) in Au:CdS nanocomposites and (b) in one dimensional 
photonic crystals having CdS as a defect layer. We showed the enhancement in the 
nonlinear optical properties for our samples, which is very important for future 
photonic device design. The mechanism of such enhancement is also discussed.  
In this dissertation, the theoretical framework of nonlinear optics, one 
dimensional photonic crystal and nonlinear optical characterization method followed 
by experimental results obtained by characterization of samples through pump-probe 
method were presented. The layout of thesis is as follows: 
 vii 
Chapter 1 is intended to explain some fundamental concepts of nonlinear 
optics i.e. simple analysis of second and third harmonic generation, intensity 
dependent refractive index, the general case of third-order nonlinear polarization and 
specifically two-photon absorption (TPA) process , and give a brief review of the 
applications introduced for two-photon absorption.  
Chapter 2 is a review on the concepts related to Photonic Band Gap (PBG) and 
Photonic Crystal (PC). In the past decade, there has been much theoretical and 
experimental work in the area of photonic crystals. Photonic crystals (PC) are a class 
of artificial structures with a periodic dielectric function having features sized on the 
order of optical wavelength in which the propagation of electromagnetic waves within 
a certain frequency band is forbidden  This forbidden frequency band has been 
dubbed photonic band gap. 
Chapter 3 gives an historical overview on the unique optical properties of 
semiconductor nanoparticles, followed by some theoretical background. 
Nanocrystalline semiconductors have optical properties that are different from bulk 
semiconductors. This chapter also explained the fundamentals of the pump-probe 
technique that we used to measure optical nonlinearity. The pump-probe experiments 
were carried out to investigate the photo-dynamics of nonlinear absorption for a long 
time. We also described our experimental set-up of Pump-probe measurement and 
explain different elements of this setup.  
In Chapter 4, we performed a systematic study by femtosecond pump-probe 
experiment on two-photon absorption (TPA) coefficients in several 1D PC samples, 
where each of them contains a CdS layer with a nearly fixed resonant defect mode at 
800 nm. The results show that the enhancement of TPA coefficient of the CdS layer is 
 viii 
governed basically by the number of periods (NOP) and the mid-gap position of PBG 
in the 1D PCs. All the results agree qualitatively with the expectations of matrix 
transfer formulation.  
Chapter 4 presented and discussed pump-probe data (magnitude of nonlinear 
coefficients) for our one dimensional photonic crystal (1D PC) samples having CdS as 
a defect and the bulk CdS and result showed the enhancement of third-order optical 
nonlinearity in photonic crystal. This chapter also presented the analysis of 1D PC 
structure using the transfer-matrix method. The concept of defect structure was then 
introduced and analyzed & found to produce very high gain in optical nonlinearity.  
  Chapter 5 deals with characterization results for excited state dynamics of Au: 
CdS nanocomposite film. The time dependence of transmittance shows enhanced two-
photon absorption of CdS particles, followed by a saturable absorption and a 3.2 ps 
recovery process which clearly demonstrates that resonant energy transfer between 
CdS and Au nanocomposite systems occur with excitation at 800 nm . In addition, 
two-photon absorption (TPA) enhancement of CdS nanoparticles was as large as 
nearly 6-fold compared to that of bulk CdS. 
This dissertation ends with the conclusions in Chapter 6. 
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Figure 1.1 The potential energy as a function of displacement for (a) Non- 
centrosymmeric and (b) Centrosymmetric medium. The dashed 



















Figure 1.4 The absorption of photons in a two-level system, (a) linear 






Figure 2.1 Simple examples of one-, two- and three-dimensional  
photonic crystals. The different colors represent materials with 
different dielectric constants. The defining features of a  
photonic crystal is the periodicity of dielectric material along 







Figure 2.2   Schematic illustration of inhibited electron-hole recombination 
by PBG Crystals. The left side depicts a band gap in the 
electronic dispersion, while the right depicts the photonic 
dispersion relation for PBG crystal designed to suppress 







Figure 2.3   Model of 1D PC structures without defects (a) and with a defect 
(b). A & B are alternating layers of different refractive index 





Figure 2.4 Transmission spectra of the 1D PCs without defects (a) and with 




Figure 2.5   Interfaces between layers of mediums having index of refraction                     
n1, n2, and n3.................................................................................. 41 
 









    
A schematic diagram of a “pump-probe”experiment……………. 
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Figure 4.1    
 
Schematic of the composition of 1D PC with a defect layer, the 
grey and white blocks represent the TiO2 and SiO2 stacks, and 
the centered dark  grey block represents CdS defect layer, n is 
the numbers of dielectric layers (here n=4 for PA-4 and PB-4, 








Figure 4.2   The measured (solid line) and simulated (dashed line) 
transmission spectra of samples PA (Figure a) & PB (Figure b).  
The simulated curves are calculated based on transfer matrix 
formulation with fitting parameters: (a) dH=90, dL=138 and 
dD=355 nm; (b) dH=99, dL=151 and dD=324 nm. The refractive 
indices are nH=2.21-0.002i, nL=1.45-0.002i and nD=2.26-0.004i. 











Figure 4.3    (a) Transient transmittance changes of the probe beam for 
samples PA and PB as well as 0.5 mm-thick bulk CdS (the 
signal of the bulk CdS was multiplied by a factor of 0.1 for 
comparison).  
(b) Pump intensity dependence of the transmittance change of 










Figure 4.4    Calculated square of electric field amplitude (|E|2) distribution 
within the defect layer with incidence wavelength at 800 nm for 
samples PA (a) and PB (b).The incident electric field amplitude 
is set to unity. 
 Light grey and white blocks represent TiO2 and SiO2 stacks, 
respectively. The gray block in the center, with thickness in the 











Figure 4.5    (a) Number of period dependence of G factor for both PA and 
PB  structures, these samples, PA-4, PA-8 as well as PB-4, PB-8 
were indicated as arrows in the figure  
(b) Calculated enhancement factor G at defect layer as a function 
of mid- gap position for 8 periods PC structure.  
During the calculation, defect mode was remained at 800 nm, 
and wavelength of mid-gap was set to be λmid=4nHdH=4nLdL 
ranging from 720 to 880 nm with step of 10 nm while n and d 
represents refractive index and thickness of dielectric stacks, 

















Figure 5.1    
 
 








Figure 5.2    Schematic illustration of the field concentration in the gap in a 






Figure 5.3    Schematic of smooth surface between metal and dielectrics (a) 
and the corresponding dispersion curve (b) for nonradiative 







Figure 5.4    UV-visible absorption spectrum of Au:CdS nanocomposite film. 
The arrows pointed at 550 nm and 800 nm indicate the 
absorption peak of the surface plasmon resonance and laser 









Figure 5.5   (a) Time dependence of the transient change in transmission ∆T 
measured in  Au:CdS nanocomposite film with excitation at 800 
nm, the dotted line is  fitted curve with  fitting time-constant of 
3.2 ps.  
(b) Temporal evolution of the transient change in transmission 
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CHAPTER 1 
THEORY AND APPLICATION:  
NONLINEAR OPTICS 
 
1.1 Introduction  
In the last three decades, there has been increased interest in the development 
of optical communication systems. Development of high capacity optical time 
division multiplexed (OTDM) systems [1.1] has been especially important in this area. 
It has been recognized that in order to construct high speed OTDM systems, 
employing all-optical techniques can be one of the best solutions. All-optical 
networks employ ultrafast nonlinear effects and are faster & simpler in principle than 
electronically controller optical networks. The idea of controlling light with light was 
proposed more than 20 years ago. As an example we can mention the idea of the 
ultrafast all-optical gate [1.2] based on nonlinear effects in LiNbO3. In the past two 
decades different methods for all-optical communication systems have been 
developed most of which include optical nonlinear effects. Two-photon absorption as 
a nonlinear effect has been considered an attractive solution for several applications 
including all-optical switching or demultiplexing. 
Linear absorption in a detector happens when one photon creates one electron-
hole pair in the detector. In this case the resulting photocurrent is proportional to the 
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NONLINEAR OPTICAL EFFECTS IN CdS AND Au:CdS NANOCOMPOSITE 2 
incident optical power. But under certain conditions two photons may be absorbed in 
a detector generating one electron-hole pair and in this case the photocurrent is 
proportional to the square of the optical power. This phenomenon is called two-
photon absorption (TPA) and is considered a third-order optical nonlinearity in the 
material. 
This chapter is intended to explain some fundamental concepts of nonlinear 
optics, specifically two-photon absorption (TPA), and give a brief review of the 
applications introduced for two-photon absorption. The discovery of the optical 
second-harmonic generation (1961) by Franken et al. was commonly recognised as 
the first milestone of the formation of nonlinear optics [1.3-1.7]. Nonlinear Optics is a 
revolutionary extension of conventional (linear) optics promoted by laser technology. 
Main effect of nonlinear optics is the study of various effect and phenomena related to 
interaction of intense coherent light with matter. In other words we can call nonlinear 
optics as “Optics of Intense Light”. 
Nonlinear optics has been discussed in several text books [1.3, 1.4, and 1.5] 
and the theoretical discussion given in this chapter is just a brief background of those 
topics needed to understand the concept of two-photon absorption. Section 1.2 will 
give a simple analysis of second and third harmonic generation, intensity dependent 
refractive index and the general case of third-order nonlinear polarization. In Section 
1.3 we give a general treatment of nonlinear susceptibility in a medium which leads to 
defining the susceptibility tensor and describes a classical way to explain the second 
and third order nonlinearities in optical materials. Section 1.4 explains some 
symmetry properties in the third-order nonlinear susceptibility tensor. In Section 1.5, 
two-photon absorption in an isotropic medium as a special case of optical nonlinearity 
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is explained and the TPA coefficient is derived from the nonlinear susceptibility 
tensor elements. Section 1.6 present the overview of Excited state absorption and 
Reverse saturable absorption. The term two-photon absorption refers to the quantum 
mechanical explanation of this process and this is briefly explained in Section 1.7. 
The last section 1.8 of the chapter reviews recent research related to the applications 
of TPA followed by Reference in section 1.9. 
 
1.2  Second and Third Harmonic Generation 
The linear relationship between the electric field strength E(t) and polarization 
P(t) can be written as: 
)()( )1(0 tEtP χε=               (1.1) 
where )1(χ  is the linear susceptibility. But in nonlinear optics we can write a 
generalized form of this equation: 
(1) (2) 2 (3) 3
0 0 0( ) ( ) ( ) ( ) ..... (1.2)P t E t E t E tε χ ε χ ε χ= + + +      (1.2) 
Second and third term on the right hand side of Equation 1.2 are usually of 
great importance in nonlinear optics and as we will see in the following subsections, 
these two terms explain the second and third harmonic generation in nonlinear optical 
materials. They are also responsible for sum-frequency generation, difference-
frequency generation, four-wave mixing, self-phase modulation and self-focusing 
among other effects which are not discussed in this thesis. 
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1.2.1 Second-Harmonic Generation 
As an example of the nonlinear optical process, let us consider the second term 
on the right hand side of Equation 1.2 in the case that the electric field strength can be 












                 (1.3) 
We see that the second-order polarization term P(2)(t) consists of a zero-
frequency component (first term of right hand side of equation 1.3) and a second-
harmonic component (second term of right hand side of equation 1.3). The zero-
frequency term does not lead to the generation of any electromagnetic radiation, but 
the second term gives rise to a new electromagnetic wave with twice the input 
frequency [1.3]. In quantum mechanical picture one can interpret this process as two 
input photons of frequency ω are being destroyed and a single photon of frequency 
2ω being created [1.3]. 
1.2.2  Third-Harmonic Generation and Intensity-Dependent Refractive Index 
If we consider the third term of the polarization from the right hand side of 
Equation 1.2 and assume the same expression as in section 1.2.1 for the electric field 
strength, we can write: 
( )
(3)
(3) (3) 3 3 30
0 0 0cos ( ) (cos(3 ) 3cos( )) (1.4)4P t E t E t t
ε χ
ε χ ω ω ω= = +
 (1.4) 
The first term appearing in this equation describes a response at frequency 3ω 
that is due to an applied field at frequency ω. This process is called third-harmonic 
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generation and can be explained as three photons of frequency ω being destroyed and 
a single photon of frequency 3ω being created. But the second term of this equation is 
what we are more interested in when we talk about the two-photon absorption process. 
This term leads to a nonlinear contribution to the refractive index of the medium. 
Assuming that χ (3) is a real number one can show that the refractive index of the 
medium will change as a function of the light intensity: 
Iηηη 20 +=       (1.5) 
We will consider this equation more carefully in the following sections. If χ (3) 
has an imaginary part, this equation leads to an intensity-dependent absorption 
coefficient for the material. 
1.2.3 General Case of the Third-Order Polarization  
Now let us assume that the electric field consists of 3 different frequencies ω1, 
ω2, and ω3: 
..)( 321 321 cceEeEeEtE tjtjtj +++= −−− ωωω                (1.6) 
where c.c. means the complex conjugate of all the terms and E(t) can be simplified to 
3 cosine terms. If we substitute this electric field into the third-order term of Equation 
1.2, we will obtain 44 different frequency components assuming that negative and 
positive frequencies are distinguishable [1.3]. These frequency components are shown 
in table 1.1. This simple analysis leads us to the formal definition of the nonlinear 
susceptibility and writing a general form of nonlinear polarization. This general 
treatment is shown in Section 1.3. 
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Table 1.1: Different frequency components in the third-order polarization term 
Original Frequencies ω1 ,ω2 , ω3 
Third-Harmonics 3ω1 , 3ω2 , 3ω3 
Two-Wave Mixing (2ω1 ±  ω2 ) , (2 ω2 ± ω3), … 
Three-Wave Mixing (ω1 +  ω2 + ω3) , (ω1 +  ω2 - ω3),… 
 
 
1.3 Nonlinear  Susceptibility 
1.3.1 Definition of Nonlinear Susceptibility 
In section 1.2 we only considered the strength of the electric field and did not 
assume any vector nature for the field, nor did we account for the orientation of the 
crystal axes with respect to the propagation direction and polarization state. But none 
of these assumptions give us a general treatment of the nonlinear polarization and we 
need to consider a vector for both electric field and polarization vector. Therefore the 







tnjωt EE r     (1.7) 
where r is the position vector. Spatially slowly varying field amplitude is usually 
defined by the following relationship: 
( ) .rkr njt −= enn AE ,      (1.8) 
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where kn is the wave vector for frequency ωn and An is the slowly varying amplitude 
for this frequency component. Considering the fact that the fields are real and defining 
( )nn ωΕΕ =  one can easily see that: 
( ) ( )∗= nωω ΕΕ n      (1.9) 
which leads to removing the c.c. term from Equation 1.7 and writing the general 
electric field as 





tjω nn ωt .rknAErE nω,             (1.10) 
The polarization vector resulting from this electric field will be: 
( ) ( ) tjωn nωt −∑= e
n
PrP ,              (1.11) 
The first, second and third order susceptibility tensors are defined based on the 










i χ             (1.12) 
 








i χ           (1.13) 
 









i χ        (1.14) 
 
where D(2) and D(3) are integer factors called degeneracy factors. D(2) and D(3) 
represent the number of distinct permutations of the two frequencies ω1 and ω2  (for 
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)2(χ ) and the three frequencies ω1, ω2 and ω3  (for )3(χ ), respectively. D(3) is equal to 
1 for the third-harmonic generation process (meaning that ω1  = ω2 = ω3) and is equal 
to 3 for intensity dependent refractive index or TPA process (meaning that ω1 = ω2  =  
-ω3 or two other similar combinations.) The linear susceptibility ( )1(χ ) is therefore 
described by a 2nd rank tensor with 3X3 elements, while )2(χ is described by a 3rd 
rank tensor with 3X3X3 elements and )3(χ is a 4th rank tensor with 3X3X3X3 
elements. These tensors have certain properties and depending on the type of the 
medium one can simplify the problem by finding the zero elements of these tensors as 
well as the independent non-zero elements. 
1.3.2 Classical Explanation of Nonlinear Susceptibility  
The classical explanation is based on a classical anharmonic oscillator [1.3]. It 
is usual to consider two cases of noncentrosymmetric and centrosymmetric medium. 
For simplicity in both cases we will only consider one-dimensional motion. When no 
electric field is applied to the medium, the electrons are in equilibrium positions. If x(t) 
is the amount of displacement with respect to the equilibrium position, a polarization 
vector of P(t)=Nex(t) will be generated in the medium where N is the number of 
electrons per unit volume and e is the charge of an electron. Now the differential 
equation that explains the motion of the electron determines how x and P are related 
to the applied electric field. 
1.3.2.1 Noncentrosymmetric Medium 




−=+++ 220 xxx2x αωγ&&&             (1.15) 
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where γ  and 0ω  are constants and α  is a constant that determines the degree of 
nonlinearity. This differential equation considers a potential energy function of the 
form: 
322





             (1.16) 
that can be plotted as a function of x. The plot is shown in Figure 1.1 (a) where it is 
seen that the curve is not symmetric around the equilibrium because of the second 
term in Equation 1.16 that changes sign at the two sides of x = 0. It can be shown [1.3] 
that this term leads to second-order susceptibility for the medium. 
1.3.2.2 Centrosymmetric Medium 




−=−++ 320 bxxx2x ωγ&&&             (1.17) 
where b is the constant that determines the degree of nonlinearity. In this case the 
potential energy function is: 
422





             (1.18) 
which gives a symmetric potential curve as shown in Figure 1.1 (b). This nonlinearity 
leads to third-order susceptibility in the material. We can see the difference between 
the two media. As we will see in the next section, the second-order susceptibility 
tensor elements are all zero for a centrosymmetric medium. 
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Figure 1.1: The potential energy as a function of displacement for (a) Non- 
                       centrosymmetric and (b)  Centrosymmetric medium. The dashed line    
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1.4 Symmetry Properties of the Third-Order Susceptibility 
Before we explain the theory of TPA process, we discuss some symmetry 
properties of the third-order susceptibility tensor. As we saw in section 1.3, all 
elements of (2)χ  tensor vanish for a centrosymmetric medium. In other words 
centrosymmetric system possesses inversion symmetry. Now assume that the electric 
field ( )E t  generates the second-order polarization vector (2) (2) 20( ) ( )P t E tε χ=  
Because of the symmetry the inverted field ( )E t− should generate a polarization equal 
to (2) ( )P t− but this means that (2)χ  has to be zero. So the third-order susceptibility 
gives the first non-zero nonlinear term. Table 1.2 gives a brief overview on the 
susceptibility tensor in some media. 
Table 1.2: Form of the (2)χ tensor for a few media [1.3] 
 
Medium Number of  non-zero and independent elements 
Isotropic 21, 3 
Cubic crystal classes m3m,432,43m 21, 4 
Cubic crystal classes m3, 23 21, 7 
Orthorhombic crystal 21, 21 
Triclinic crystal 81, 81 
  
As we can see in the table in an isotropic medium there are only 3 independent 
values that must be determined to completely specify the susceptibility tensor of the 
medium. 
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Now let us consider the third-order susceptibility tensor of the isotropic 
material and cubic m3m crystal and give a more detailed image of this tensor. Table 
1.3 shows the non-zero elements of (3)χ  tensor.  
Table 1.3: Non-zero elements of (3)χ  tensor for isotropic and 3m3 cubic crystal 
Medium Non-zero elements 
Isotropic 
yyzz = zzyy = zzxx = xxzz = xxyy = yyxx 
yzyz = zyzy = zxzx = xzxz = xyxy = yxyx 
yzyz = zyzy = zxzx = xzxz = xyxy = yxyx 
xxxx = yyyy = zzzz = xxyy+ xyxy + xyyx 
 m3m  crystal 
yyzz = zzyy = zzxx = xxzz = xxyy = yyxx 
yzyz = zyzy = zxzx = xzxz = xyxy = yxyx 
yzyz = zyzy = zxzx = xzxz = xyxy = yxyx 
xxxx = yyyy = zzzz  
 
In this table only the indices are shown and the word (3)χ  is eliminated, for 
example xxyy means )3(xxyyχ   . In the next section we will explain the two-photon 
absorption process and derive an expression for TPA coefficient in an isotropic 
medium. The other symmetry properties of  third-order susceptibility tensor are that: 
• For a third-harmonic generation (THG) process when 321 ωωω == the 
intrinsic permutation symmetry of )3(χ requires that: 
( ) ( ) ( )333
ijjiijijiijj χχχ ==               (1.19) 
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• For a TPA process or intensity-dependent refractive index 
when 321 ωωω −==  or two other similar combinations, the intrinsic 
permutation symmetry requires that: 
( ) ( )33
iijjijij χχ =                (1.20) 
 
1.5 Two-Photon Absorption Coefficient for an Isotropic Medium 
In section 1.2.2 we discussed the intensity-dependent refractive index as a 
result of the third-order nonlinearity in the medium. Equation 1.5 gives a formula for 
the refractive index that is proportional to the intensity of the light. Now if 2η  in 
Equation 1.5 is a complex number and has a non-zero imaginary part, then this leads 
to an intensity-dependent absorption coefficient. This is what we call two-photon 
absorption. In this section we will consider this phenomenon more carefully and in 
more detail based on Equation 1.14. 
In Equation 1.14 if (ω1 , ω2 , ω3  )= (ω , ω , -ω ) then the output polarization has a 
frequency of ω. But considering Equation 1.9, we can rewrite Equation 1.14 for the 
case of TPA process as: 
   







i 3 χ            (1.21) 
Now to find the absorption coefficient we should write the wave propagation 
equation in this medium. Combining two of Maxwell's equations in a source-free and 
non-magnetic medium: 
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µΕ              (1.22) 









Ε 0µ              (1.23) 
Writing D in terms of E and P and separating P into a sum of linear and 
nonlinear terms, we have: 
NL2
00 PEPED +=+= ηεε             (1.24) 
where PNL is the nonlinear term in the polarization vector which in the current case is 
the third-order nonlinearity. n is the linear (intensity independent) refractive index of 
the medium. The ∇×∇  operator can be reduced to 2∇−  provided that the refractive 
index of the medium is spatially invariant which is true for a linear homogeneous 
medium, and approximately true for the nonlinear materials considered in this work. 
Now combining these equations we get to the nonlinear wave equation: 



















+∇−           (1.25) 
In the sinusoidal regime assuming fields with frequency ω we can rewrite this 
equation in this form: 





r,Pr,Er,E NL=−∇− 2          (1.26) 
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Now assume that we have a linearly polarized light propagating as a plane 
wave and since the medium is isotropic we can take the (x; y; z) coordinate system 
such that the electric field is linearly polarized along the x axis and the z axis is the 
direction of propagation of the wave. Substituting the single component electric field 
in Equation 1.21 we get: 
( ) ( )ω3εω o x(3)xxxx3x EχP −=              (1.27) 
substituting this in Equation 1.26 gives: 

















                    (1.28) 
The nonlinear term can be thought of as a small perturbation in the linear wave 
equation. If A(z) is the slowly-varying amplitude of the wave and  k = nω/c is the 
propagation constant of the wave in the low-intensity limit, we have: 
( ) ( ) zjezωz, kx AE −=               (1.29) 
and by substituting this in Equation 1.28 we can find the differential equation showing 
the variation of A(z) as a function of z. Since A(z) slowly varies with z we can neglect 




and by simplifying the equation we obtain this equation: 







=             (1.30) 
In this equation ( ) ( )( ) ( )( )3xxxx3xxxx3xxxx j χχχ ImRe +=  and there will a real and an 
imaginary term for dA/dz. But the real term is the one that gives the TPA coefficient 
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and in order to find this coefficient we only consider the real part of dA/dz which 
comes from the imaginary part of ( )3xxxxχ .Therefore we have: 







−=             (1.31) 
Now let us go back to Equation 1.7 where we assumed the electric field 
corresponding to a wave of frequency ω can be written as jωtx
jωt
x ee
+∗− + EE .This 
form of treating the problem keeps the electric field a real number although we use 

























=              (1.32) 
and by this formula we can write dI/dz in terms of the evolution of A(z): 

























o A*A*AA             (1.33) 
and by combining this equation and Equation 1.31 we have: 







χ−=              (1.34) 







β χ==             (1.35) 
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Equation 1.34 shows that the amount of absorbed power in a thin layer of the 
medium is proportional to the square of the light intensity (or power). This result is 
important because we can use this process to make a nonlinear detector. The two-
photon absorbed power is usually much smaller that the incident power, in this case 
the detector based on TPA process will have a photocurrent proportional to the power 
squared : 
2
TPA KPi =               (1.36) 
where K is a proportionality constant that depends on β , the focused spot size, and the 
geometry of the medium.  
As we mentioned before this treatment applies for an isotropic medium. Also 
the light polarization is considered to be linear however anisotropy or elliptical 
polarization of the light would change the TPA response. 
 
1.6  Excited State Absorption and Reverse Saturable Absorption 
The carriers (electrons and holes) excited by 2PA also produce an extra 
absorption. As the incident fluence is increased, strong 2PA effect is observed and 
consequently more excited carriers will be generated. As a result, the absorption in 
increased but the transmittance is further suppressed, thus enhancing the effect of 
optical limiting. Such a process is called the two-photon generated free carrier 
absorption. Excited State Absorption (ESA) is due to transitions between excited 
states which is similar to the absorption of photon-generated charge carriers. 
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 Let us consider three energy levels as shown in Figure 1.2.The nonlinear 
optical absorption depends on the relative values of ground state absorption cross 
section (σ01) and excited state absorption cross sections (σ12). 
 
For  σ01>σ12 --------------Saturable Absorption (SA) 
For  σ01<σ12 --------------Reverse Saturable Absorption (RSA) 
For  σ01= σ12--------------Linear absorption 
                         
 
Figure 1.2:   Three-level model used to explain nonlinear and linear absorption 
 We have presented the saturation absorption result in Chapter 5 for our 
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The RSA can be described by a five-level model shown in Figure 1.3. The 
linear absorption due to transitions from the ground state to the first excited singlet 
state populates the first excited singlet state. The population may non-radiatively 
decays to the lowest excited triplet state. This process is known as inter-system 
crossing. If the excited-state absorption cross-sections are greater than the ground-
state absorption cross-sections, RSA occurs [1.19]. Due to long lifetime of the excited 
triplet state, which ranges from hundreds of nanoseconds to hundreds of microseconds, 
the atoms/molecule may remain excited over the laser pulse duration. This property is 
crucial to the RSA effect especially when the duration of laser pulse in nanoseconds. 
For most of the materials possessing RSA, in the case of incident laser pulse 
with nanosecond duration, optical limiting is largely attributed to the excited triplet 
state absorption. While in the case of incident laser pulses with picosecond duration, it 
is caused by the excited singlet state absorption. This is due to the fact that the inter-
system crossing time is typically of a few nanoseconds, relatively longer compared 
with picosecond pulse duration. The excited triplet state hardly had any time to 
accumulate adequate population to cause an eminent change in the absorption. 
 
Figure 1.3:   Five-level model used to explain Reverse Saturable Absorption 
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1.7 Two-Photon Absorption: Quantum Mechanical Interpretation  
In this section we give a brief and simple explanation based on quantum 
mechanics about two-photon absorption which will actually show why the process is 
called two-photon absorption. Assume that we have a semiconductor material with an 
energy bandgap Eg. A single photon with energy gEh ≥ν  is able to generate a single 
electron-hole pair and therefore we see a linear absorption in such a material. But now 
suppose that the energy of the photon is lower such that ν≤≤ν h2Eh g . In this 
situation one photon is not able to move an electron from the lower edge to the upper 
edge of the bandgap. But a single electron-hole pair may be produced by the 
instantaneous absorption of two photons. Figure 1.4 shows a simple diagram of what 
happens in a linear absorption (a) and two-photon absorption (b).  
Figure 1.4: The absorption of photons in a two-level system, (a) linear (single-photon)     
                    absorption and (b) two-photon absorption 
 
As seen in the figure the absorption occurs by taking the electron to a virtual 
state by the energy from the first photon and almost simultaneously moving it to the 
final state by means of the second photon. This process has been discussed 
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mathematically in most of nonlinear optics or quantum mechanics book [1.3, 1.7]. 
One can show that increasing the intensity of the light (or the number of photons per 
second incident on the material) will increase the probability of the process and 
therefore the absorption is nonlinear. In [1.8] it is shown that the absorption 
coefficient of the medium is proportional to the intensity of the light which means that 
the photocurrent is proportional to the square of the incident optical power. 
 
1.8 Applications of Two-Photon Absorption 
Two-photon absorption as a nonlinear process is an attractive candidate for a 
number of applications. This process because of its nonlinear nature is sensitive to 
compression of optical power both is time and space domains. Especially the 
sensitivity of TPA process to the compression of optical power in time has widely 
been used to build systems for auto-correlation, cross-correlation, measurement of 
very short pulses and also optical communication applications. The other important 
feature of TPA process that makes it more attractive for these types of applications is 
that the response time of the process is very short and therefore can be used for high 
speed communication systems or ultrashort pulses. In this chapter we will introduce 
some of these applications based on the literature. 
1.8.1 Autocorrelation and Crosscorrelation 
Autocorrelation techniques are mostly important because they give a method 
for pulsewidth measurement for ultrashort optical pulses. Different methods have 
been used including different nonlinear processes but a very common method that has 
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recently been used is the two-photon absorption. The beam of light from the optical 
pulse source is split into two beams and one of the beams undergoes a controlled time 
delay, then both beams are incident on a photodetector with TPA response. The 
output current of the detector will have a constant background when the two pulses 
from the two beams do not overlap and it will increase if the two pulses have some 
overlap with each other. This is the main concept of building autocorrelator based on 
TPA process. This happens because the output of the TPA detector is proportional to 
the square of the optical power or the fourth power of the electric field amplitude. In 
[1.8] an autocorrelation measurement based on TPA in a GaAsP photodiode is 
reported that is able to measure pulses as short as 6 fs. A highly sensitive 
autocorrelator using Si avalanche photodiode as a two-photon absorber is also 
introduced in [1.9]. The same method can be modified to be used as a crosscorrelation 
measurement technique by using two different signals. In [1.10] a crosscorrelator 
based on TPA in a Si avalanche photodiode is used for measurement of picosecond 
pulse transmission characteristics. 
1.8.2 All-Optical Demultiplexing and Sampling 
Future development of high capacity optical time division multiplexed 
(OTDM) systems can only happen by using ultra-fast switching techniques. But it has 
been well understood that constructing high speed optical switches requires 
employing all-optical techniques which usually means using nonlinear effects. 
Different techniques based on different nonlinear effects have been reported. One of 
these techniques is based on TPA process and works with the same principle as what 
was explained in Section 1.8.1. The system utilizes an optical control pulse to 
demultiplex a high speed OTDM channel via the TPA nonlinearity. This method has 
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been reported in [1.11] using TPA in a laser diode. The principle of operation is very 
easy to understand. If the power of the signal is Ps and the control signal has a power 
of Pc >> Ps, then the average TPA output current when the two pulses do not have 
any overlap will be: 
( ) 2c2c2s KPPPKi ≅+=              (1.37) 
and when they have a full overlap we have: 
( ) ( )cs2c2ccs2s P2PPKPP2PPKi +≅++=            (1.38) 
This equation shows that the average photocurrent has a constant background 
that increases when the control and signal pulses overlap. A similar method is used to 
make an all-optical sampling system that can be used as optical oscilloscope. In this 
system that is reported in [1.12] a relatively high power sampling pulse is injected at 
the same time with a signal pulse on TPA detector which is a waveguide. A similar 
analysis to Equation 1.38 shows a cross-term which is a function of the time delay 
between the signal and the sampling pulses and for short sampling durations one can 
show that the cross-term gives the shape of the signal pulse. 
1.8.3 Optical Thresholding 
The TPA process can distinguish between two optical pulses with the same 
energy and different time durations. For simplicity consider two periodic pulse trains 
with period T. One of the pulses has peak power 2P and duration 
2
τ
and the other has 
peak power P and duration τ . Both pulses have average power of
T
P
P τave= , therefore 
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a slow linear detector can not show any difference between the two pulses. But the 











      (1.39)  
An optical thresholder is a system that can distinguish between properly and 
improperly decoded signals using the contrast in their peak intensity. A correctly 
coded waveform gives a short and intense pulse after being decoded whereas an 
incorrectly coded signal will give a pulse with lower peak power and longer duration.  
Such a system in introduced in [1.13] as a suitable all-optical signal processing 
tool for the coherent ultrashort pulse CDMA systems. 
1.8.4 Chirp Measurement 
The chirp measurement is very similar to optical thresholding system. In a 
chirp measurement the most important parameter of the pulse that can be measured is 
the width of the pulse. As an unchirped pulse goes through a dispersive medium it 
spreads in time and therefore TPA process is suitable for detecting this change in the 
pulse duration. In [1.14] this method and the system built to measure the chirp are 
explained. 
1.8.5 Other Applications 
In this section we summarize some other applications of TPA that have been 
reported in the literature. Reduction of optical noise is reported by using the TPA in 
ZnSe [1.15]. In this work it is shown that the fluctuations in the intensity of a laser 
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can be reduced by means of a two-photon absorber. Infrared image detection with a 
Si-CCD image sensor that uses the TPA in this detector is reported in [1.16]. The 
method is based on the autocorrelation of the light intensity in this sensor by means of 
TPA process. Two-photon absorption spectroscopy is the other application for TPA 
that has been discussed in [1.6] and an experimental work is reported in [1.17]. 
Finally a reflectometry method based on TPA in a Si avalanche photodiode is 
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CHAPTER 2 
BRIEF REVIEW: PHOTONIC CRYSTAL 
 
2.1  Introduction  
Ever since the dawn of the computer age, the scientific world has been racing 
to build electrical components that are smaller in size and that can transfer more 
information with more speed. In order to do this, higher frequencies must be used, 
which means abandoning traditional electronic circuits. We are just starting to realize 
the immense capabilities that can be harnesses with these higher frequencies, 
specifically in the optical range. Optical fibers have been around for some time, but 
the optical computer is not even close to being developed. Optical fibers are not 
capable of guiding light around small radius turns, which strongly limits their 
capabilities in some areas. In order to make the advancements that are necessary in 
this field, an understanding of how one would control and manipulate these optical 
frequencies must be sought and Photonic band gap materials (PBG) are expected to 
play an important role in this direction. 
The field of PBG materials research was born over fifteen years ago with the 
pioneering independent work of Yablonovitch [2.1] and John [2.2]. They first 
proposed the idea of photonic band structure: the notion that an extended medium 
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with a periodically modulated permittivity would exhibit structure in the photon 
energy-momentum dispersion relation, analogous to the energy gaps observed in 
electronic dispersion in crystalline solids owing to the periodically modulated atomic 
potential.  
The photonic band gap can be explained as arising from Bragg diffraction of 
light with wavelengths comparable to the length scale of the periodic medium. If the 
amplitude of the permittivity modulation (called the dielectric contrast) is sufficiently 
large and the structure appropriate, bands of frequencies which are diffracted by such 
media, dubbed photonic crystals, may overlap for all propagation directions and 
polarizations. This case is referred to as a complete PBG.  
An area of research that has been receiving increasing attention in recent years 
is the combination of PBG materials and nonlinear optics. The possibility of PBG 
materials with optical tunability afforded by the intensity-dependent properties of 
nonlinear materials, would offer unprecedented control over the flow of light, and 
therefore is of great interest for PBG device applications.  
PBG structure may be employed to effectively enhance the nonlinear response 
of materials, potentially making nonlinear optical effects accessible to a wide range of 
devices and commercial applications based on low-power semiconductor lasers. 
Ultimately, ultrafast all-optical switches and optical bistable systems could hold the 
potential for realizing all-optical network and optical computing [2.3]. Chapter 4 
discusses our recent experiment in this area of overlap between PBG materials and 
nonlinear optics. 
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2.2  Photonic Band Gap Materials 
In the past decade, there has been much theoretical and experimental work in 
the area of photonic crystals. Photonic crystals (PC) are a class of artificial structures 
with a periodic dielectric function having features sized on the order of optical 
wavelength in which the propagation of electromagnetic waves within a certain 
frequency band is forbidden [2.4]. This forbidden frequency band has been dubbed 
photonic band gap (PBG) [2.4, 2.5]. A complete PBG would restrict waves in every 
direction.  
Photonic crystals may be classified as one, two, or three-dimensional, depending 
upon the dimensionality of the periodicity and the corresponding band gap [2.7]. 
Figure 2.1 depicts the general appearance of photonic crystals for the one-, two-, and 
three-dimensional (1D, 2D and 3D) cases. The periodic modulation of refractive 
index in each case is indicated by the different shading of the various sections of the 
structure.       
. 
Periodic in one                         Periodic in two                    Periodic in three 
    direction                                  directions                             directions 
 
Figure 2.1: Simple examples of one-, two- and three-dimensional photonic crystals. 
The different colors represent materials with different dielectric constants. 
The defining feature of a photonic crystal is the periodicity of dielectric 
material along one or more axes. 
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For 1D and 2D crystals, energy gaps only exist for light propagating along the 
periodic directions. In the 2D and 3D cases, the index modulation is periodic for many 
different directions, either in a plane (2D) or over a full 4π srad (3D). For certain 
structures and sufficient refractive index contrast these directional gaps, or stop bands, 
can be wide enough to overlap for some range of frequencies, yielding a complete gap 
The term ‘photonic band gap’ is analogous to a semiconductor band gap 
(between the valence and conduction bands); in which electrons of certain energies 
may not propagate in any direction is shown in Figure 2.2 [2.6]. The periodicity of the 
potential of an atomic lattice prevents electrons having energies falling within a 
certain band from propagating [2.7]. In the same way, periodic structures composed 
of materials with differing dielectric constant prevent electromagnetic waves of a 
certain band of frequencies from propagating; caused by destructive interference of 
the scattered waves from the interfaces which results in complete or almost complete 
reflection for photons of some range of frequencies. 
The position, width, depth, and shape of the PBG strongly depend on the 
periodicity, symmetry properties, dielectric constant contrast, and internal lattice 
structure of the unit cell. There is a common belief that PCs will perform many 
functions with light that ordinary crystals do with electrons. At the same time, PCs are 
of great promise to become a laboratory for testing fundamental processes involving 
interactions of radiation with matter in novel conditions. 
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Figure 2.2: Schematic illustration of inhibited electron-hole recombination by PBG 
crystal. The left side depicts a band gap in the electronic dispersion, while 
the right depicts the photonic dispersion relation for a PBG crystal 
designed to suppress spontaneous emission from electron-hole 
recombination. [2.6] 
 
The most common as well as simple PBG structure is one which is made of 
quarter-wavelength slabs of periodically alternating permittivities or permeabilities. 
The layers are chosen to be λ/4 so that a wave that travels through a layer and is 
reflected at the surface of the next layer, hits the original surface with the proper 
phase change. This reflected wave interferes with the incoming wave in such a way 
that it decreases the transmission through the structure. With proper material choices, 
these structures may be used as dielectric mirrors which provide extremely high 
reflectivity for normally incident electromagnetic waves. A modification to the 
periodic slab occurs when a defect is introduced into the structure. A defect is created 
when one of the layers is made to be a different material or length than the other slabs. 
If the defect is chosen to be particular length, a resonant cavity may be formed inside 
the PBG. 
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Two of the most prominent applications of the photonic band gap are the 
localization of light at defects, and the inhibition of radiation. Yablonovitch [2.1] 
describes how the photonic band gap can control spontaneous emission by examining 
Fermi’s golden rule. The density of the final states in spontaneous emission is the 
density of modes available to the photon emitted. If the photonic band gap does not 
provide a mode to the photon, there will be no spontaneous emission [2.1]. Other 
applications of photonic band gaps include the construction of perfect dielectric 
mirrors, resonant cavities (lasers), and waveguides that are capable of guiding light 
through very sharp turns [2.4]. 
The recent interest in photonic crystals has been instigated by improvements 
in fabrication technology, enabling complex photonic crystals to be realized. The 
development of photonic crystals as optical elements represents a novel effort to 
control the propagation of light of specific frequency and incident angle through 
dielectric media. The most common use of photonic crystals in the past has been in 
the form of distributed Bragg reflectors, as highly reflective, wavelength selective end 
mirrors in lasers [2.8, 2.9]. Only recently, however, have they been studied for their 
optical properties in the spectral region outside of the band gap. It has been shown 
that for a one-dimensional, N-period, photonic crystal there exits, in the pass band, a 
series of N transmission resonances caused by constructive interference of the 
scattered waves [2.10]. A unique feature of these resonances is the coincidence of 
large group index and peak transmittance near unity. The largest group index value 
occurs at the peak of the band-edge transmission resonance, which is the first 
resonance at the band gap edge. This large group index occurs because within the 
band edge resonance, the phase varies steeply as a function of frequency. 
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Because of the rapid variation of transmission, phase, and group velocity, a 
small shift in frequency of the band edge resonance will result in a relatively large 
change in one or all of these attributes. This makes photonic crystals an attractive 
candidate for constructing an optical delay line for use in agile beam steering or 
optical phased arrays [2.11]. By controlling the frequency location of the transmission 
resonance relative to an optical pulse, one could, in principle, control the group delay 
and the phase of the pulse [2.11, 2.12]. 
Several groups have examined the propagation of optical pulses in photonic 
crystals near the band edge both experimentally and theoretically [2.10, 2.13 – 2.19]. 
The theoretical properties have been examined by Dowling [2.13] who developed a 
comprehensive theory of electromagnetic pulse phase and group delay for propagation 
through a lossless, one-dimensional, inhomogeneous dielectric slab. Another 
contribution to the body of theoretical work occurs in the paper by Bendickson et al. 
[2.14], where exact analytic expressions were developed for the electromagnetic mode 
density and hence the group velocity of a one-dimensional photonic band gap 
structure. 
Experimentally, Scalora et al. [2.10] studied the propagation of a picosecond 
optical pulse through a GaAs/AlAs photonic crystal at the band-edge resonance as a 
function of tilt of the sample. Vlasov et al. [2.15] studied the time of flight near the 
stop band in a synthetic opal three-dimensional photonic crystal using an up-
conversion technique. Wang and co-workers measured the temporal delay caused by a 
1cm fiber Bragg grating [2.16].  
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Other work with photonic crystals includes the use of two-dimensional 
crystals in planer wave-guides. These take advantage of the properties of the band gap 
to produce wave guides in which sharp corners can be turned with very little loss 
[2.17, 2.18]. Busch and coworkers [2.19] reported the fabrication of a three-
dimensional electronically tunable photonic crystal by coating the internal surfaces of 
a silicon inverse opal crystalline structure with a low-index nematic liquid. 
Application of an external magnetic field allows tunability of the band gap.                                       
  
2.3  One Dimensional Photonic Crystals 
A one-dimensional photonic crystal (1D PC) is a periodically layered structure 
made up of materials with different dielectric constant. The simplest and most 
common type of 1D PC composed of quarter wave stacks of two dielectrics with 
different refractive indices. The structure is called a quarter wave stack because the 
thickness of each layer is λ/4n, where λ is the wavelength of the center of the stop 
band and n is the index of refraction of the material comprising the layer. 
Electromagnetic waves at the wavelength, λ, will experience complete reflection 
because there will be complete constructive interference for the reflected wave.  
In the same way that the waves in the stop band experience total reflection, 
there are also waves in the pass band that experience almost total transmission. These 
waves also experience a very high group index. The high group index, corresponding 
to a small group velocity, indicates that the pulses slow down considerably while they 
propagate through the crystal. 
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 A schematic of a 1D PC without defects is shown in Figure 2.3(a) and 
corresponding calculated transmission spectra is shown in Figure 2.4(a). We see a 
wide photonic band gap centered at 600 nm where light transmission is prohibited. In 
this region, there are no photon modes which propagate normally to the surfaces of 
the layers [2.29]. 
Figure 2.3(b) shows a schematic of 1D PC with a structural defect where the 
periodicity is disturbed only by the defect layer which is in the center of the stacks 
and corresponding calculated transmission spectra is shown in Figure 2.4(b). We can 
see a sharp transmission peak at 570 nm in the band gap, which is due to a defect 
level introduced by the defect layer [2.29]. 
            
Figure 2.4:  Transmission spectra of the    
                   1D PCs without defects (a)     
                     and with a defect (b) 
 
 
Figure 2.3:  Model of 1D PC structures    
                     without defects (a) and  
                     with a defect (b).A & B are   
                     alternating layers of different 
                      refractive index  while X is  
                      the defect layer. 
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While photonic crystals can be multidimensional and can consist of very 
complex periodic index profiles, we can use the example of a discretely layered stack 
to show how to calculate the transfer matrix of the structure. The transfer matrix 
relates the incident field to the transmitted and reflected fields for plane waves 




2.4  PBG Theory: Analogies between Maxwell’s Equations and the   
                                          Schrödinger Equation 
 
 Understanding the relationship between electronic band structure and photonic 
band structure requires an examination of the basic equation governing the motion of 
electron and photons: the Schrödinger equation [2.20, 2.21] and Maxwell’s Equation 
[2.22]. When applied to the problems of electrons in crystalline solids and photons in 
periodic dielectric media, respectively, analogies between the two governing relations 
become apparent. To make the most of these analogies, it is important to look at both 
the similarities and the differences. The following discussion has been adapted from 
reference [2.4]. 
The behaviour of the electron wave-function ψ(r) is described by the 
Schrödinger equation, 














  (2.1) 
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While Maxwell’s curl equation can be combined (in the absence of sources) to 
yield the following equation for the magnetic field H(r): 



















Both Equations (2.1) and (2.2) are eigenvalue equations. Table 2.1 
summarizes the analogous objects in the two eigenvalue problems. 
 
Table 2.1: Comparison of quantum mechanics and electrodynamics 
 
In the case of crystalline solids, the atomic potential is periodic, i.e. 
V(r + R) = V(r)     (2.3) 
where R is a vector representing the displacement between any pair of lattice sites. In 
PBG materials, the dielectric permittivity shares the same periodicity (see Table 2.1). 
Solutions of both eigenvalue problems take the form of Bloch waves, consisting of a 
wave (~exp(ik.r)) multiplied by a periodic amplitude u(r) sharing the same periodicity 
of the lattice, 
u(r + R) = u(r)            (2.4) 
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 It should be noted that the choices of formulating the photonic eigenvalue 
problem in terms of the magnetic field H(r) instead of electric field E(r) is not made 
arbitrarily. The Maxwell operator as defined above is Hermitian, guaranteeing that 
eigenmodes are orthogonal and eigenvalues are real and facilitating techniques for 
finding solutions in numerous ways. If we eliminate H rather than E between the two 
Maxwell curl equations, the resulting modified Maxwell operator is not Hermitian. 
 The formal similarities allow us to photonic crystals many of the concepts of 
solid state physics [2.23]: forbidden energy gaps, the reciprocal space. Brillouin zones, 
conduction and valance bands, donor and acceptor impurity states, and localization.  
2.5  The Transfer Matrix Formulization 
 Analyzing photonic band gap structures is a challenging task. Fortunately, the 
parallels with the quantum mechanics of electrons in solids provide guidance for how 
to approach the problem, and a well-developed set of analytical and computational 
tools Scaler-Wave Approximation [2.24], Plane-Wave Method [2.25,2.26], Transfer-
Matrix Method  [2.27]. We have used the Transfer-Matrix Method described below 
for our simulation work required in Chapter 4. 
 One of the earliest numerical techniques to appear is the Transfer-Matrix  
Method (TMM) introduced by Pendry and Mackinnon [2.27]. It is very well suited to 
calculating transmission through finite structures, and was thus very important for 
comparison with early experiments on candidate PBG structure. The TMM is a 
steady-state, finite-element method that divides the total volume of the system under 
study into small cells, and the field within each cell are calculated based on 
approximate solutions of Maxwell’s equations on the surfaces of the adjacent cells.  
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All material parameters are assumed to be uniform within each cell. The 
transfer matrix is then given by the relation between the fields on the opposite side of 
the structure. The initial conditions specify the incident field on the x-y plane, 
travelling in the z direction. Then the computation is iterated plane by plane until the 
fields throughout the structure have been determined.  
The method can be used to calculate transmission through structures which 
need not be periodic along the propagation direction, such as photonic crystals with 
defects. However, when the structure is the unit cell of a periodic system, as for 
photonic crystals, the eigenvalues of the transfer matrix provides the band structure 
(photonic dispersion relation). Hence, in the case the method provides the band 
structure as well as the finite-slab transmission. This is useful in cases when the 
Plane-Wave Method fails or is too time consuming, such as when the structure in 
question incorporates dispersive or lossy material [2.28]. 
Because the processes at work are linear, the well known transfer matrix 
method can be used to find the complex transmission coefficient of the structure 
[2.10]. In this method, a transfer matrix is constructed to relate the complex amplitude 
of the right and left travelling waves on the left side of the structure to those on the 
right. The transfer matrix is constructed by matching boundary conditions at each 
interface and propagating the field across each layer. This technique accounts for the 
coherent interaction of multiple reflections at each interface to find the “steady state” 
field. Consequently, this method is only valid for pulses that are long compared to the 
thickness of the structure. 
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 Two types of matrices, a discontinuity matrix to transfer across an interface 
and a propagation matrix to transfer across a layer to the next interface, are used to 
build the transfer matrix. Figure 2.5 shows the geometry used to construct these 
devices. 






























Figure 2.5: Interfaces between layers of mediums having index of refraction n1,   
                    n2, and n3. 
  
In Figure 2.5, the refractive index is assumed to vary only in the z-direction, 
which is the direction of propagation. It is assumed to be constant in the x- and y- 
directions. is a 2-dimensional vector composed of the complex amplitude and 




layer, while  is a 2-dimensional vector composed of the complex amplitude and 





























NONLINEAR OPTICAL EFFECTS IN CdS AND Au:CdS NANOCOMPOSITE 41
CHAPTER 2                                                                     BRIEF REVIEW: PHOTONIC CRYSTAL  
Thus, the incident field Ei , the reflected field Er and the transmitted field Et 


























      (2.6) 
 
2.5.1  The Discontinuity Matrix 
 We first consider the discontinuity matrix. This matrix must satisfy three 
different boundary conditions for the interface between the mth and m+1th layer. The 




−− +=+       (2.7) 
The next boundary condition is that the right travelling wave on the right side 
of the interface must be the sum of the transmitted right travelling wave from the left 











− += 1,11,      (2.8) 
Here, rm,k and tm,k are the normal Fresnel coefficients for reflection and 
















−=     (2.9) 
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Similarly, the third boundary condition is that the left travelling wave on the 
left side of the interface must be the sum of the transmitted left travelling wave from 












+ += 1,11,1               (2.10) 
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1)1,(             (2.12) 
So that  −++ +∆= mm EmmE )1,(1
2.5.2 The Propagation Matrix 
 Now we consider the propagation matrix. This matrix must account for the 
phase accumulated in each layer. The relationship between the fields on each side of 
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In Equation (2.13), dm is the physical thickness of layer m, and λ is the 
wavelength of the light in vacuum. Putting this into matrix form, the propagation 
























                         (2.14) 
So that . +− Π= mm EmE )(
 The combination of the propagation matrix and the discontinuity matrix can be 
used to describe any discrete index profile by successive application of them to 
propagate a field across the entire structure. For the example of the index profile 
shown in Figure 2.5, the field on the right side of the last interface in the structure can 





















               (2.15) 
Continuing in the same fashion, we reach the final result, 
−+ ∆Π∆Π∆Π∆= 03 )1,0()1()2,1()2()3,2()3()0,1( EE               (2.16) 
 As mentioned before, this method accounts for the coherent interaction 
between all of the reflected and transmitted waves in the structure. Because of this, it 
can only be used to relate the field outside of the structure. This is because the 
discontinuity matrix depends upon the left and right travelling fields in the layers on 
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both sides of the interface. For instance, if we were to stop at the left side of the 
interface between layer 2 and layer 3, we would not account for the light that is 
reflected from the right side of layer 3 and all its subsequent reflections.  
For the discontinuity matrix to be valid, we must know both the total right 
travelling field and the total left travelling field. For the case of light incident from the 
right to left, the transfer matrix gives us knowledge of the right travelling field, but we 
must continue the process to a point where the left total travelling field is known. This 
point is outside of the structure where there is only the total transmitted field, with no 
coherent field incident from the left. 
 
 
2.6 Transfer Matrix Method for 1D Photonic Crystal 
 In the previous section, we found the transfer matrix for a 3 layer stack. A 
photonic crystal, however, should be composed of a periodic layering of this or any 
stack. Let us consider a photonic crystal composed of N of these 3 layer stacks, as 
shown in Figure 2.6. Each 3 layer stack will be called a unit cell. The transfer matrix 





















Figure 2.6: A photonic crystal composed of N unit cell of 3 layer stacks. 
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 The unit cell transfer matrix is constructed using the steps shown in Equation 
(2.15). The unit cell transfer matrix relates the field on the right side of the first 
interface in the unit cell to the field on the right side of the last interface, which is the 
field on the right side of the first interface of the next unit cell. 
)1()2,1()2()3,2()3()1,3(ˆ Π∆Π∆Π∆=cellM              (2.17) 
 The total transfer matrix, Mˆ , for N unit cell in air will be  
[ ] )1,0(ˆ)3,1()0,3(ˆ ∆∆∆= NcellMM              (2.18) 
The pair of discontinuity matrices on the left side of the main transfer matrix 
in Equation (2.18) is necessary because  assumes that the index of refraction on 
the right side of the unit cell is n
cellMˆ
1. The index of refraction to the right of the Nth unit 
cell is, however, that of air.  
If we recognize that 
1),(),( −∆=∆ kmkm                (2.19) 
We see that the two discontinuity matrices on the left side of the Equation 
(2.18) allow for the layer 3-air interface on the right side of the structure because 
)0,3()1,3()3,1()0,3( ∆=∆∆∆              (2.20) 
The single discontinuity matrix on the right side of Equation (2.18) accounts 
for the interface between the first layer and the surrounding medium on the left side of 
the total structure.  
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2.7 Transmission, Group Velocity, and Phase 
The relationship between the fields on the left and right side of the structure is 


























            (2.21) 
where because there is no field incident from the right side. We can 
normalize Equation (2.21) by dividing by without loss of generality. We 
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where t is the complex transmission coefficient of the structure and r  is the 












                          (2.23) 
Thus, the assessment of the complex transmission and reflection is 
straightforward once Mˆ  is constructed. 
t (ω) = [ ] andM 1ˆ1 − 11 r (ω) = [ ] [ ]1121 11 ˆˆ −− MM            (2.24) 
We can express the transmission coefficients as 
)()()( ωφωω iett =               (2.25) 
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t is the phase that 
each frequency component acquires as it traverses the structure. 
The group velocity, which is the speed at which pulse will travel through the 
structure, is defined as                               
vg (ω) = dω / dκ             (2.26) 
where ω is the frequency of the light and κ is the propagation vector in the media. To 
find the group velocity in our layered stack, we recognize that the phase can be 
expressed as φ(ω) = κ (ω) dstructure where κ (ω) is the effective propagation vector in 










)()( =               (2.27) 
The group velocity can then be found according to 




            (2.28) 
Similarly, the group index for the structure will be  









=             (2.29) 
For an optical pulse passing through the device, the change in optical path 
length relative to free space will result in a group delay of  















         (2.30) 
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Chemical reaction and phase transition of matter occur in the period between 
femtosecond and picosecond which is equivalent to vibration and rotation period of 
atom and molecule. Observing these ultra-fast natural phenomena require source that 
lasts only for femtoseconds. The light source of femtosecond pulse, capable of very 
fine time resolution, enables measurement of ultrafast chemical and physical changes 
including ultrafast dynamics in the range of picosecond (10-12 s) or femtosecond (10-15 
s) that was never before possible in the spectroscopy using the traditional 
pulse(>nanosecond: 10-9 s) or CW light source. It's possible to observe the fast carrier 
migration in the semiconductor, time decaying and fast transient photochemical 
effects of the organic material or biological molecules as well as to measure the 
spontaneous change of various optical properties of the optical material. 
Since the nonlinear optical properties of materials are of importance to optical 
devices used in optical communications and optical information processing, 
characterization of these properties is a very active research topic in the field of 
nonlinear optics. A variety of techniques have been developed to measure third-order 
nonlinear optical properties of materials. These techniques include nonlinear 
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interferometry [3.1, 3.2], degenerate four wave mixing [3.3, 3.4], nearly three wave 
mixing [3.5], ellipse rotation [3.6], beam distortion measurements [3.7], Z-Scan 
method [3.8, 3.9] and the pump-probe measurement [3.10]. The first three methods 
are potentially sensitive techniques and require relatively complex experimental 
apparatus. Beam distortion measurements, on the other hand, are relatively insensitive 
and need detailed wave propagation analysis. The Z-scan technique is a simple, yet 
highly sensitive single-beam technique for the determination of both the sign and 
magnitude of the nonlinear refraction and/or the nonlinear absorption. 
The vast majority of ultrafast-spectroscopy experiments use the pump-probe 
technique. In this Chapter, we will discuss the theoretical aspects of pump-probe 
characterization method which was used for our sample characterization. We will also 
discuss the theory of optical kerr-effect (OKE) alongwith description of our pump-
probe measurement set-up. 
 
 
3.2 Experimental Methods for Third-order Optical Nonlinearity 
 
 For third-order nonlinear optical effects, the susceptibility χ(3) is a complex 
number which can be separated into real and imaginary parts as shown in Equation 
3.1.  
χ(3) = Re(χ(3)) + Im(χ(3))   (3.1) 
There are various experimental methods used for observing the third-order 
nonlinear optical phenomenon and measuring the various parameters related to third-
order optical nonlinearity. Some methods related to only real part of  χ(3)  while some 
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are related to imaginary part of χ(3). Moreover some experimental methods are related 
to both the real and imaginary parts. 
 
• Z-scan, Four waves mixing (FWM) and Degenerated four waves mixing 
(DFWM) are related to both Real and Imaginary part of χ(3). 
• Optical Kerr effect (OKE), Optically heterodyne optical Kerr effect (OHD-
OKE), Self-focusing and Self-defocusing are related to Real of χ(3). 
• Two-photon-absorption (TPA), Saturable absorption (SA), Reverse 
saturable absorption (RSA) (Nonlinear absorption) and Pump-probe 
method are related to Imaginary part of χ(3). 
 
3.3 Pump-Probe Methods  
If one is going to take a peek at events that happen over the span of 
nanoseconds, then one need to be ultrafast. That is where the pump/probe technique 
comes into play. In pump-probe method, an ultrashort laser pulse is split off by an 
optical beamsplitter and divided into two parts, the pump, which is the more intense 
of the two and the probe pulse, which is much weaker in order to produce the 
minimum perturbation on the sample. The separated beams follow different optical 
paths with one having a variable path length. Varying the path length will in effect 
vary the time delay between the pump and probe pulses. The delay is typically done 
with a precise motorized transitional stage due to the extreme accurate requirements 
for temporal resolution (light travels 0.33 µm in a single femtosecond). Following the 
different optical paths the pump and probe beams are then directed and focused on the 
same spatial area on the sample, always taking care such that the probe beam is 
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completely within the excitation beam.  The reflection (transmission) beam is then 
detected with a photodiode or a photomultiplier (depending of the wavelength of 
probing). To improve the sensitivity of the experiment in many cases a lock-in 
amplifier is utilized along with an optical chopper. The chopper is normally placed in 
the path of the pump beam, which modulates the excitation thus giving a 
synchronization signal to the lock-in amplifier. 
The pump-probe method is widely used for the inspection of the ultra-fast 
phenomenon. The pump-probe experiments were carried out to investigate the photo-
dynamics of nonlinear processes. Pump-probe or excite & probe experiments have 
been used to study the dynamics of nonlinear absorption for a long time. 
3.3.1 General Principles [3.10] 
This method needs at least two ultrashort light pulses. The first one, a strong 
excitation pulse called “pump beam” perturbs the sample at time t=0, induces a 
change in the absorption of the sample. The sample is disturbed from its equilibrium 
position and returns after some time to its initial position. The second one called 
“probe beam”, delayed with respect to the “pump pulse”, crosses the perturbed sample 
and experience the induced nonlinearity produced by “pump beam (It should be noted 
that the probe is too weak to induce any nonlinear effect). One should keep pumping 
the sample at regular intervals that are longer than the response of the sample to 
ensure that there is no overlap of excitation events from the current pump and the 
previous pump.  
 Hence the transmittance of the probing beam will be influenced by the 
nonlinearity induced by the excitation beam. By altering the delay between these two 
NONLINEAR OPTICAL EFFECTS IN CdS AND Au:CdS NANOCOMPOSITE 54
CHAPTER 3                            NONLINEAR OPTICAL CHARACTERIZATION TECHNIQUES  
 
pulses, one can determine both the turn-on time and the decay time of the nonlinearity 
in the sample and able to record the photo-dynamics of the nonlinearity. The signals 
detected by the pump-probe method include light reflected (or diffracted) from the 
pumped sample, light transmitted through the sample, and the fluorescent light after 
the sample absorbs the probe. Using these signals, the ultra-fast kinetics of the sample 
can be studied. Different absorption mechanism can be identified with this technique.  
A typical scheme of “pump-probe” experiment is shown in Figure 3.1. 
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3.3.2 Time evolution of excited state 
An ultrafast laser pulse is separated into two pulses the pump and the probe, 
with a variable optical delay between them (∆t). The two incident ultrashort laser 
pulses are made to overlap spatially on the sample under investigation. The intense 
pump pulse excites the sample, causing a change in its properties. A weak probe pulse 
monitors these change initiated in the sample by the pump pulse. 
The time evolution of the excited state is investigated by varying the time 
delay (∆t) between the pump and probe pulses. The pump-probe technique may be 
used to investigate such properties as, reflectivity, transmission, Raman scattering, 
and induced absorption. 
The temporal limitation ∆τp•∆ω of the pump-probe technique is the pulse 
duration of the pump and probe .A compromise often must be sought between spectral 




3.3.3 Data deconvolutions 
 
In most femto-second resolved experiment, a signal S(τd) is measured as a 
function of position or delay τd of a reference pulse of intensity Iref(t) having Ig as 
gating function. The measured signal will be the time integral 
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In order to retrieve the physical quantity f(t) from S(τd), deconvolution 
procedure should be applied. If Ig(t) is as δ-function, then 
)()( dd fS ττ ∝      (3.3) 
 
For some ultrafast processes, the pump pulse cannot be considered as δ-
function, then we can use Fourier Transform  
 
    )(~)( tII gΩ  














       
f(t) can be calculated by taking inverse  Inverse Fourier Transform. 
3.3.4  Time-Resolved Absorption [3.10] 
 With the pump-probe method, changes in the absorption spectrum of a sample 
after perturbation by an ultrashort pulse can be observed and measured. Changes in 
the absorption spectrum may involve the spectral characteristics (new transitions 
appearing under perturbation) and/ or the absorbance characteristics increase or 
decrease of the optical density). The electronic absorption spectrum is the signature of 
the sample. Spectral analysis of changes such as new electronic transitions will give 
the signatures of the new electronic states created by the pump pulse 9for example 
photochemical products), while temporal analysis will yield the dynamics of the 
transformations 9for example chemical reaction rates). The principle of this method is 
shown in Figure 3.1. 
At time t = 0, the pump pulse perturbs the sample. At time t + ∆t the probe 
pulse crosses the sample, ∆t being tunable by means of an optical delay line. The 
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detector then measures the probe pulse intensity before (I0(ν))and after (I(ν,∆t))the 
perturbed sample. Applying the Beer-Lambert law, we can write 
( ) ( ) ( )ltNε0 ν10υItυ,I ∆∆ −×=     (3.6) 
where εν is the absorption coefficient of the sample at frequency ν, N(∆t )is the 
population absorbing at time ∆t at frequency ν and l is the length of the sample 
excited. 
In fact, the quantity of interest is the measured optical density (OD), defined as 





∆ ==    (3.7) 
 For a fixed delay   at each frequency t∆ ν , a quantity will be measured which 




 For a given frequency ν, varying will yield a quantity proportional to : we 
can now construct the population dynamics. If the population N decays exponentially, 
the decay time τ can be measured by varying according to
t∆
t∆ . 
( ) ( ) τ∆ε=∆ ν /-l t0NtOD lnln     (3.8) 
This considerations form the basis of pump-probe method. 
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3.4 Optical Kerr-Effect (OKE) Spectroscopy 
Optical Kerr-Effect (OKE) or optical heterodyne optical Kerr-effect (OHD-
OKE) spectroscopy is a polarisation-spectroscopy technique that provides a signal 
linear in the third-order nonlinear optical response of the sample [3.11]. Information is 
obtained regarding ultrafast dynamics by measuring the time response of a transient 
birefringence that is induced in the sample by a polarised femtosecond optical pulse. 
The OKE technique has been used for decades, and progress has been made by the 
use of lasers producing ever more stable trains of pulses of ever shorter duration.  
 
3.4.1 Optical Kerr Effect (OKE) 
 
A sufficiently intense laser beam can induce a significant change in the 
refractive indices of a medium, and the refractive index becomes a function of the 
incident intensity. This effect, which is often referred to as the optical Kerr effect 
(OKE) can be described by the equation n(I)=n0 +n2(I), where n0 is the normal 
refractive index of the medium and n2is the nonlinear refractive index. The refractive 
index change in turn affects the beam propagation and leads to a new class of 
nonlinear optical effects characteristically different from either optical mixing or 
nonlinear attenuation.  
The optical field induced birefringence can change the polarization of a beam 
in the medium. Conversely, measurement of the change of the beam polarization 
should allow us to deduce values of the induced birefringence. 
 
An intense, linearly polarized pump beam (|Epump|>>|Epuls|e), polarized, for 
example at 450 to the horizontal, excites a birefringence in an isotropic medium. The 
change in the index of refraction induced by the pump pulse, δ = , between n ⊥− δnδnll
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the parallel and perpendicular axes to the pump polarization can be probed by a 
weaker probe pulse that is polarized, say horizontally. The induce birefringence, δ  , 
manifests itself as retardation in the probe beam polarization and may be detected by 
use of a post sample analyzer.  
n
Furthermore, the probe beam may be time delayed with respect to the pump 
pulse, yielding a temporal profile of the induced birefringence. When the pump pulse 
arrives well before the probe pulse, there is no induced birefringence and no probe 
light passes through the crossed polarizers. When the two pulses arrive 
simultaneously at a sample dominated by an ultrafast electronic nonlinearity, the 




π=φ      (3.9) 
where n2 is the nonlinear index of refraction and is proportional to χ(3), λ is the 
wavelength, d is the sample length and Ipump is the pump intensity. The quantity n2 can 
be considered as a modification to the linear index of refraction such that the total 
index of refraction is given by n(I)=n0 + n2(I), where n0 is the normal refractive index 
of the medium and n2 is the nonlinear refractive index . So χ(3) is obtained from n2.This 
is known as homodyne detection scheme. Since this scheme operates with crossed 
polarizers, the detected signal is proportional to the square of the pump intensity. As a 
consequence, this technique is unable to separate the real and imaginary components 
of χ(3) . Furthermore, because this detection scheme operates with fully crossed 
polarizers, the obtained signal is extremely small and may be of the same order or 
smaller than typical noise levels. 
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3.4.2 Optical Hetrodyne Detection-Optical Kerr Effect (OHD-OKE) 
 
In attempt to separate the real and imaginary components of χ(3) and to obtain 
signals much larger than the ambient scatter noise, another detection scheme, optical 
heterodyne detection (OHD-OKE), is used by many research groups. In OHD-OKE, a 
quarter-wave plate (λ /4) is placed between the probe polarizer and sample such that 
the fast axis of the quarter-wave plate is parallel to the polarizer. By slightly rotating 
the polarizer fast axis, π/2 out-of-phase light may be added to the probe beam. 
Depending on the angle chosen for the polarizer, this technique can provide the real or 
imaginary components of the nonlinear response directly from the Kerr signal. This 
scheme works in the regime where transmitted signal is linear with pump intensity. 
 
3.4.3  χ(3) Determination by OKE Method 
Let pump and probe beams, both are linearly polarized optical field and 
propagating along z-direction and their polarizations are 45 0 to the horizontal. 
Epump // x polarization 
 
 
For isotropic medium, we know that 
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Refractive index change is governed by the following Equations: 
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where, ∆n// ~ parallel to the polarization of E(ω2), ∆n┴ ~ perpendicular to the 
polarization of E(ω2) 
 
Then, probe beam propagates through a medium of length l, the parallel and 
perpendicular component of the probe field experience a relative phase difference 
( )⊥∆−∆λ
π=∆Φ nnl2 //          (3.17) 
 
The phase difference changes the polarization state of the probe beam and can 
be measured by an analyzer cross with polarization of incoming probe beam in front 
of the detector. 
The signal I;   and δn can be determined from ∆Φ. )2/(sin2 ∆Φ∝I
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When ∆Φ<<1, OKE signal can be processed by DFWM method, taking a 
reference (for example, CS2), the OKE signal of sample is given by 
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Here we can see that only off-diagonal elements  can be 
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3.5 Our Experimental Set-up for Pump-probe 
We have used the pump-probe set-up to characterize our samples whose 
results are discussed in Chapter 4 and Chapter 5. The laser source for our pump-probe 
experiment was the mode locked Ti:sapphire laser (Tsunami, Spectra-Physics) with a 
pulse duration of 200 fs, repetition rate of 82 MHz at a center wavelength of 800 nm. 
Figure 3.2 shows our set-up for Pump-probe measurements.  
 The pump and probe beams were focussed on a same spot in the sample with a 
spot size of about 50 µm by a lens of  f = 5 cm. The effective overlapping length of 
the two beams in the sample was approximately 200 µm. The ratio between the pump 
and probe intensity is about 10 with an average pump radiance of 2 GW/cm2. 
 The laser beam reflected by mirror M1 & M2 was split by a beam-splitter BS 
into two components, namely pump for the transmitted one and probe for the reflected. 
The pump beam passed through the chopper (connected to Lock-in Amplifier) for 
noise reduction and incident on the prism mounted on the translational stage which 
reflected the pump beam. The translational stage create the delay between pump and 
probe beam. The prism reflected pump beam is again reflected by mirror M4 and 
incident on the sample after passing through the lens L1 which excites the sample & 
induce the nonlinearity. The probe beam reflected from BS is incident on the sample 
after reflection from mirror M3 & M5 and passing through lens L1. The probe beam 
does not induce nonlinearity because of less energy of the pump beam and probe the 
nonlinearity induced by the pump beam. After passing through sample, pump beam is 
blocked at aperture A and probe beam goes to power detector connected to Lock-in 
Amplifier after passing through lens L1. The results were analyzed by a PC. 
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 For the OKE, a polarizer P1 and an analyzer P2 is placed in the path of probe 
beam while in the case of we need a quarter wave plate (λ/4) alongwith a polarizer P1 




































Figure 3.2: Experimental setup for pump-probe and OKE measurements 
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CHAPTER 4 
TWO-PHOTON ABSORPTION  
ENHANCEMENT IN CdS  
 
 
4.1  Introduction 
As we discussed in Chapter Two of this thesis, much interest has been devoted 
to Photonic Crystals (PCs) since the formal similarity between the Schrödinger 
equation for electrons and Maxwell equation for photon. Control of photon modes by 
PCs structures is expected to be a key technology for the future photonic devices [4.1- 
4.3]. 
 Photonic crystals have been studied extensively from both fundamental and 
practical points of view [4.4 - 4.8]. In such materials, a photonic band gap (PBG) 
exists in which the existence of certain energy range of photons is forbidden [4.4]. 
Such a regular periodic structure may be disrupted by introducing some defects at the 
appropriate position in the PCs [4.9 - 4.10] and consequently an optical mode appears 
in the PBG as a defect mode. However, complete 3D PCs with a periodicity 
equivalent to the visible wavelength remain a technical challenge, 1D PCs have been 
given special attention because of their well known properties and ease of fabrication. 
The resulting composite system has attracted a fair amount of attention recently 
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because defects in PCs can be engineered to further tailor the optical properties of 
devices [4.6 - 4.8, 4.11 - 4.16].  
 One-dimensional photonic crystal (1D PC) may be regarded as a waveguide 
consisting of a sequence of dielectric mirrors with periodically modulated dielectric 
constants in one dimension [4.4]. A defective 1D PC is constructed by inserting a 
defect layer into the centre of such a multilayer structure. Introduction of defect 
permits localized modes to exit in the range of the frequencies of band gap 
[4.25] .Owing to the highly localized field in the defect mode, strong enhancement of 
optical nonlinearity by several orders of magnitude can be expected in a defect layer 
[4.26,4.27]. If the defect layer includes nonlinear optical materials, it is envisaged that 
the nonlinearity may be substantially enhanced by the presence of such a strong 
electric field. In particular, defect modes that lie in the vicinity of the mid-gap of the 
PBG structure will have stronger effects on light localization and its associated optical 
nonlinearity [4.28, 4.29]. As the incident field is intricately coupled to the local defect 
modes [4.27], the structure has emerged to be a promising candidate for many optical 
applications such as ultra-fast all-optical switches and optical modulators [4.30]. 
In this chapter, we performed a systematic study by femtosecond pump-probe 
experiment on two-photon absorption (TPA) coefficients in several 1D PC samples, 
where each of them contains a CdS layer with a nearly fixed resonant defect mode at 
800 nm. The results show that the enhancement of TPA coefficient of the CdS layer is 
governed basically by the number of periods (NOP) and the mid-gap position of PBG 
in the 1D PCs. All the results agree qualitatively with the expectations of matrix 
transfer formulation. 
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4.2 Background: Optical Nonlinearity in Photonic Crystal  
     
 In recent years, various applications of PCs in electromagnetics and photonics 
have been proposed, such as enhancement of optical nonlinearity [4.9 - 4.11], quasi-
phase-matching technique [4.17, 4.18], photonic-crystal fiber [4.19, 4.20], photonic-
crystal lasers and waveguides et al [4.14, 4.15, 4.21 - 4.23]. Soljacic et al showed that 
small change in refractive index can substantially increase the nonlinear phase shift in 
PCs [4.6]. Martorell et al examined theoretically the parametric quadratic nonlinear 
interaction within 3D PCs [4.7]. Andreev et al investigated the nonlinear processes in 
one-dimensional PCs theoretically and experimentally by using the sum-frequency 
generation and four-wave-mixing processes [4.8]. Self-induced transparency and giant 
nonlinearities of doped PCs were studied theoretically by Kurizki et al [4.11]. By use 
of a perturbation theory based on Green function formalism, Sakoda et al analyzed the 
enhancement of quadrature-phase squeezing in PCs [4.24].  
In fact, since the first theoretical predictions of optical switching and limiting 
in nonlinear periodic structure in the late 1970s [4.31], a lot of theoretical and 
experimental studies had been carried out [4.30 – 4.35]. For example, Scalora et al 
demonstrated optical limiting and switching can be realized in 1D PC doped with χ(3) 
type of nonlinearity [4.31]. Larochelle et al first investigated optical response of 
nonlinear periodic structure by employing an optical Kerr-effect cross-phase 
modulation in optical fibre grating [4.33]. Sankey et al first reported experimental 
observation of all-optical switching in a silicon-on-insulator periodical waveguide 
structure [4.34]. The Southhampton group first demonstrated switching at the optical 
communication wavelength of 1.55 µm [4.35]. Many references can be found in a 
review paper by Brown and Eggleton [4.36]. 
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4.3 Sample Description  
The samples in the present study consist of a pair of quarter-wave dielectric 
stacks containing a CdS defect layer in the center. The schematic structure is shown in 
Figure 4.1. TiO2 and SiO2 were chosen as the high and low refractive index dielectric 
materials in the PBG structure, respectively. The oxide films were deposited on a 
glass substrate by electron beam evaporation under oxygen atmosphere of 2×10-2 Pa, 
whereas the CdS defect layer by thermal evaporation. The refractive indices were 
determined to be 2.21, 1.45 and 2.26 at 800 nm for TiO2 , SiO2 and CdS respectively. 
XRD results show that the CdS film has a cubic zinc blend structure. The four 










Figure 4.1: Schematic of the composition of 1D PC with a defect layer, the grey and   
                    white blocks represent the TiO2 and SiO2 stacks, and the centered dark   
                    grey block represents CdS defect layer, n is the numbers of dielectric  
                    layers (here n=4 for PA-4 and PB-4, and n=8 for PA-8 and PB-8) of the     
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Group A consists of two samples that have the same PBG structure but with 
different number of periods (NOP). Sample PA-4 has a total of 9 dielectric layers 
comprising of 4 alternating layers of TiO2 (thickness 90 nm) and SiO2 (thickness 138 
nm) layers with a CdS (thickness 355 nm) defect layer in the center.  Sample PA-8 
has a total of 17 dielectric layers with 8 alternating layers instead of 4. The structure 
of Group A samples was designed such that the defect mode is in resonant with the 
laser wavelength at 800 nm, and that the defect mode is positioned nearly at the mid-
gap of the PBG structure.  
The two samples in Group B have different PBG structure from those of 
Group A in terms of thicknesses of layers. The thicknesses of TiO2 and SiO2 in Group 
B are 99 and 151 nm, respectively, while that of the CdS layer is 324 nm. Samples 
PB-4 and PB-8 have the same stacking configurations as their group A counterparts. 
The defect mode is designed to remain in resonant with laser wavelength at 800 nm, 
but deviates from the mid-gap of the PBG.  
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4.4  Results and Discussions 
4.4.1 Transmission 
The transmission spectra in the range from 600 nm to 1100 nm are shown in 
Figure 4.2(a) for PA and Figure 4.2(b) for PB. The fitting curves calculated with 
transfer matrix formulation [see MATLAB code in Appendix-I] under the assumption 
of plane wave propagation are also shown in the figures [4.37]. The parameters for 
best-fittings are given in the caption of  Figure 4.2.  
The spectra in Figure 4.2(a) exhibit a broad rejection band ranging from about 
680 nm to about 930 nm, and a resonance transmission band peaking at 800 nm which 
falls on the mid-gap of PA structure. The transmission peak within the PBG is seen to 
correspond closely to the defect mode in the photonic structure. By increasing the 
number of periods from 4 to 8, it is clearly seen that the band edge becomes steeper 
and the bandwidth of the defect mode becomes narrower although the position of 
resonant mode remains unchanged. The defect resonant mode is determined solely by 
the optical thickness of the defect layer. The defect mode is expected to be blue-
shifted with increasing thickness of the defect layer [4.29].  This behavior, due to 
multiple Bragg scatterings inside the 1D PC, is consistent with the expectation of 
transfer matrix formulation. 
 By modifying the thickness of the dielectric mirrors in samples PB, the mid-
gap frequency in the PBG is seen to be shifted correspondingly to 870 nm, as shown 
in Figure 4.2(b). By adjusting the thickness of defect layer to 324 nm, the defect 
transmission mode can be tuned to peak at around 800 nm so that it remains in 
resonant with the laser wavelength employed and provides a comparison with group 
A samples.  
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Figure 4.2: The measured (solid line) and simulated (dashed line) transmission   
                    spectra of samples PA (Figure a) and PB (Figure b). 
                    The simulated curves are calculated based on transfer matrix formulation   
                    with fitting parameters: (a) dH=90, dL=138 and dD=355 nm; (b) dH=99,  
                    dL=151 and dD=324 nm.  
                    The refractive indices are nH=2.21-0.002i, nL=1.45-0.002i and nD=2.26- 
                    0.004i. The subscripts H, L and D represent TiO2, SiO2 and CdS,   
                    respectively.  
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4.4.2 Nonlinear Optical Characterization  
The Two-photon Absorption (TPA) coefficient of defect CdS layer was 
measured by pump-probe technique (discussed in Chapter Three), which was carried 
out by using a Ti: sapphire laser (Tsunami, Spectra-Physics) with pulse duration of 
200 fs, repetition rate of 82 MHz, and a center wavelength of 800 nm. The pump and 
probe beams were focused on a same spot in the sample with a spot size of about 50 
µm by a lens of f =5 cm. The effective overlapping length of the two beams in the 
sample was approximately 200 µm.  
Figure 4.3(a) shows the transient time evolution of the four samples with a 
peak pump beam intensity of 2 GW/cm2. For comparison, a pump-probe signal of 0.5 
mm-thick bulk CdS is also shown in Figure 4.3(a), where the signal of the bulk CdS 
was multiplied by a factor of 0.1 for comparison. The ultrafast negative transmission 
change of the probe beam is seen to have arisen from the two-photon absorption in the 
CdS layer. In order to rule out any contributions from the TiO2 and SiO2 films, the 
pumpprobe measurement was repeated for homogeneous films of TiO2 and SiO2 as 
well as multilayer films of alternating TiO2/SiO2 with 4 and 8 periods respectively. 
No TPA signal was observed in all these films.  
It is seen from Figure 4.3(a) that the TPA signal has increased by about 
threefold with increasing NOP from 4 to 8 layers. It is also noted that the TPA signal 
depends critically on the 1D PC structure; it is significantly stronger for samples PA 
than samples PB. 
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 The pump irradiance dependence of pump-probe signal at zero delay time is 
shown in Figure 4.3(b) for PA-4 and PA-8. Good fitting by straight line indicates that 
the signal increases linearly with the pump irradiance. The result is consistent with the 
prediction given by the following equation [4.38], 
LIIRT prppβ3)1(~ −∆      (4.1) 
where ∆T is the TPA signal at zero delay time, β the TPA coefficient, R the 
reflectance of the sample, L the interaction length of pump and probe beam over the 
sample, and Ipp and Ipr the pump and probe beam intensities, respectively.  
In order to evaluate the TPA coefficient, β, for the CdS layer in the 1D PC, we 
compared it against the β for bulk CdS. Ignoring linear absorbance, we have the 









































Tββ        (4.2) 
where the subscripts s and r denote the CdS layer in the PCs and the 0.5 mm-thick 
bulk CdS sample, respectively. The value of β for the bulk CdS was reported to be 6.4 
cm/GW with an 120 fs pulse at 780 nm [4.39]. With this reference value, the values of 
β for PA-4, PA-8, PB-4 and PB-8 were determined to be 60.1, 160.3, 19.3 and 74.6 
cm/GW and the corresponding enhancements relative to the bulk CdS are 9.4, 25.0, 
3.0 and 11.7 times, respectively. From these experimental data, we can conclude that 
the optical nonlinearity increases with the NOP of the 1D PC structure; and that the 
large optical nonlinearity can be reached when the defect mode falls in the center of 
the photonic bandgap. 
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Figure 4.3: (a) Transient transmittance changes of the probe beam for samples PA  
                           and PB as well as 0.5 mm-thick bulk CdS (the signal of the bulk CdS  
                           was multiplied by a factor of 0.1 for comparison).  
                    (b)  Pump intensity dependence of the transmittance change of the probe   
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4.4.3 Discussion 
Enhancement of optical nonlinearity in 1D PC structure with defect is 
understood to originate from electric field localization within the defect layer [4.9, 
4.26]. The intensity of local field increases with number of periods (NOP) because the 
number of trips of a beam of light trespassing the defect layer increases with the NOP 
of the dielectric mirrors. Similarly, for the same reason the defect mode localized at 
the mid-gap of PBG will experience a stronger local field than that for a defect mode 
displaced from the mid-gap. 
 In order to explain the nonlinear enhancement in TPA qualitatively, transfer 
matrix method was employed to calculate the steady-state electric field distribution 
[see MATLAB code in Appendix-II] within these 1D PC samples at 800 nm (defect 
mode wavelength). In the calculation, for simplicity the extinction coefficients of 
TiO2, SiO2 and CdS were assumed to be zero and the electric field amplitude of the 
incident light was set to be unity. The square of electric field amplitude (|E|2) 
distribution within the defect layer both PA and PB are shown in Figure 4.4, where it 
is clearly seen that the amplitude of the electric field at defect layer increases with the 
periods of the PC structure. On comparing the field distributions, between PA-8 and 
PB-8 as well as between PA-4 and PB-4, it is seen that large local field appears when 
the defect mode is localized at the mid-gap position. These results are consistent with 
the experimental observations. This strongly enhanced electric field is caused by the 
localization of incident light in the defect layer, and leads to an enhancement in the 
TPA coefficient as observed in our experiment. 
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Figure 4.4: Calculated square of electric field amplitude (|E|2) distribution within the   
                    defect layer with incidence wavelength at 800 nm for samples PA (a)   
                    and  PB (b).   
                    The incident electric field amplitude is set to unity. Light gray and white  
                    blocks represent TiO2 and SiO2 stacks, respectively. The dark gray  
                    block in the center, with thickness in the range of 355 nm (a) and 324   
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To evaluate the TPA signal enhancement relative to pure CdS film, we can 














               (4.3) 
where Edefect(z) is amplitude of field in the defect layer expressed as a function of 
position z, ddefect is the thickness of the defect layer, and Eincident is the amplitude of 
incident field.  
Figure 4.5(a) shows the period dependence of electric field intensity for both 
PA and PB structures. It can be seen from Figure 4.5(a) that two factors, namely the 
number of periodic layers and the PC structure, have significant influence on the 
enhancement of electric field intensity. The enhancement factor G in the defect layer 
shows an exponential increase with the periods, and furthermore this dependence is 
seen to be more pronounced in PA structure where the factor G increases faster than 
that in PB structure. In fact, the factor G for PA structure increases exponentially with 
NOP at a gain rate of (nL/nH)2=0.418, while that for PB structure has a smaller gain 
rate of 0.315. The difference in gain rate can be attributed to a deviation of the defect 
mode from the mid-gap. With defect modes nearly fixed at 800 nm, Figure 4.5(b) 
shows the dependence of the factor G on the positions of mid-gap with 8 periods PC 
structure. The calculation was carried out for the configurations of quarter-wave stack 
where nHdH=nLdL=λmid/4 and for wavelengths λmid at mid-gap ranging from 720 to 
880 nm.  
It is clearly seen that the factor G decreases with the deviation of defect mode 
from the mid-gap, and reaches a maximum when the defect mode is located precisely 
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at the mid-gap. These experimental observations are consistent with the hypothesis 
that the intensely enhanced electric field is caused by the localization of incident light 
in the defect layer, which leads in turns to an enhancement of the TPA coefficient. 
 
Figure 4.5: (a) Number of period dependence of G factor for both PA and PB   
                            structures, these samples, PA-4, PA-8 as well as PB-4, PB-8 were   
                             ndicated as arrows in the figure 
(b) Calculated enhancement factor G at defect layer as a function of    
       mid- gap position for 8 periods PC structure.  
During the calculation, defect mode was remained at 800 nm, and 
wavelength of mid-gap was set to be λmid=4nHdH=4nLdL ranging from 
720 to 880 nm with step of 10 nm. While n and d represents refractive 
index and thickness of dielectric stacks, subscript H and L represent 
TiO2 and SiO2, respectively. 
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4.5 Conclusions 
In summary, we have successfully demonstrated an enhancement of the TPA 
coefficient for a single CdS defect layer imbedded in 1D PC with different number of 
periods and structures. The enhanced TPA coefficient is seen to have arisen from the 
localization of electric field within the defect layer. Our results clearly show that: 
(i) the greater the number of dielectric layers, the greater the 
enhancement of the TPA signal; and  
(ii)  the optimization of two-photon absorption coefficient of the defect 
layer reaches its peak when the defect mode falls on the center of 
the photonic bandgap.  
The experimental observation is further shown to be consistent with the calculation 
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CHAPTER 5 
NONLINEAR OPTICAL EFFECT IN  
Au:CdS NANOCOMPOSITE  
 
5.1  Introduction 
Due to remarkable difference between the physical and optical properties of 
bulk and nanocrystals, predicted by quantum theory, there has been increasing 
attention to nanotubes (one dimension) and nanoparticles (zero dimension). There is a 
great interest in the nonlinear optical properties and application of nanocomposites 
[5.1] which consists of a dielectric matrix embedded with super-molecules and 
nanocrystals. Such structures can be prepared with various techniques. 
Semiconductor-doped glasses (SDGs) are the most investigated materials [5.2], 
because of their robustness and the possibility of obtaining crystallites of small size 
with a relatively simple fabrication procedure. SDGs are dispersions of semiconductor 
nanocrystals in a silicate glass matrix [5.3] and usually contain II-VI direct-gap 
semiconductors. The discovery by Jain and Lind [5.4] that SDGs possesses significant 
nonlinear optical properties, associated with the discussions about the relevance of 
quantum confinement effects, has stimulated numerous studies. Detailed reviews of 
the electronic properties of semiconductor nanocrystals were recently presented by 
Yoffe [5.5] and by Banyai & Koch [5.6]. The optical nonlinearities at resonances 
were recently review by Richard [5.7]. 
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Metal-dielectric nanocomposites have received wide attention because of their 
specific optical absorption and large third-order nonlinear susceptibility (χ(3)), which 
is very important for future photonic device design [5.8, 5.9]. For example, Au 
nanoparticles embedded in glass shows a strong optical absorption peaked at 540 nm, 
and the χ(3) of the composite film is as large as 10-7~10-8 esu around the plasmon 
resonance wavelength, which shows an enhancement of 105~106 times compared to 
glasses [5.10, 5.11]. However, almost all the previous studies were confined to the 
systems of nano-sized metal particles embedded in dielectric matrices, such as SiO2, 
Al2O3 and TiO2 [5.8-5.11]. Large nonlinearities are observed only when the laser 
frequency is in resonance with the plasmon frequency. 
 If the dielectric matrices were replaced with semiconductor which has large 
two photon absorption (TPA) coefficient and a proper band gap structure, it is 
foreseen that surface plasmon can be excited by resonant energy transfer even when 
the laser wavelength is far from the plasmon resonance. Semiconductor nanoparticles 
(also known as semiconductor quantum dots) have attracted considerable attention 
because of their mesoscopic enhancement of third-order optical nonlinearities [5.12-
5.14]. They have also been studied with regard to the physics that connects bulk to 
molecular properties [5.15]. The idea is that the cubic optical nonlinearities of 
semiconductors with delocalized electrons can be enhanced by artificially confining 
the electrons in regions smaller than their natural delocalization length in the bulk. 
In this chapter, we discuss our experimental observation of resonant energy 
transfer between CdS and Au nanoparticles by femtosecond pump-probe method, and 
the observation of TPA enhancement in CdS nanocrystals.  
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5.2 Brief Review of Nanostructures 
Richard Feynman’s 1959 lecture “There is plenty of room at the bottom” has 
often been quoted when people talks about nano-science and technology.  However, 
the real take-off of nano-related research and technological exploitation started at 
about a decade ago. Today, the two approaches- from the bottom up and from the top 
down meet at the nanoscale territory [5.28, 5.29].  
 Nanostructure refers to materials systems with length scale in the range of ~ 
1-100 nm in at least one dimension.  Nanostructures are unique as compared with 
both individual atoms/molecules at a smaller scale and the macroscopic bulk materials.  
They are also called mesoscopic structures. Examples of nanostructures are following: 
 2-D:    quantum well 
 1-D:  quantum wires, nanowires, nanotubes 
 0-D: quantum dots, large molecules, clusters, nano-crystallites 
The following phenomena critically affect the properties of nanostructures: 
• Quantum confinement: quantization and reduced dimensionality of electronic 
states 
• Quantum coherence and de-coherence 
• Surface/interface states 
These factors play roles to various degrees of importance.  For example, the 
confinement and the coherent effects are not as complete as that in an atom.  Both the 
crystalline (bulk) states and the surface/interface states cannot be ignored in nanoscale 
structures.  The different mixture of atomic, mesoscopic and macroscopic characters 
make the properties of nanostructures very diverse.  Nanostructural materials are often 
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in a metastable state.  Their properties can be widely adjustable by changing their size, 
shape and processing conditions 
 When semiconductor dimensions decreases into the nanometer scale, due to 
the confinement of electron wave functions, the bulk electronic bands are quantized 
into discrete exciton states, which have been observed experimentally and calculated 
theoretically for CdS (or CdSe) nanocrystals [5.16-5.18]. Nanocrystals lie in between 
the atomic limit of discrete energy level and the extended crystalline limit of 
continuous bands. 
 It should be emphasized that the density of states for the conduction (valence) 
band become discrete for nano-size materials instead of continuous which is true for 
bulk materials, as shown in Figure 5.1.This change reflects that the wave functions of 
electrons are confined by the size of nanostructures. Such an effect is called quantum 
confinement effect [5.30,5.31]. Spatial confinement of electrons in semiconductor 
nanostructures leads to remarkable changes in their quantum states. This results in 
considerable modifications in their electronic properties and consequently their linear 
and nonlinear optical response, thus making them very attractive candidate materials 
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Figure 5.1: Density of states functions for systems of different dimensionalities. 
 
Quantum wells, which are two-dimensional confined systems, have been 
studied and utilized for practical applications to a large extent these days whereas not 
that much attention has been being paid to the interesting properties of quantum wires 
and dots [5.30, 5.31]. Quantum dots are quasi zero-dimensional systems which are 
practical realizations of the concept of particle-in-a-box. One way of realizing this is 
by preparing semiconductor islands of nanometer dimension in dielectric matrices 
such as glasses and polymers. Quantum confinement effects become more 
pronounced in the region of strong confinement, where the size of the quantum dot is 
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less than the exciton Bohr diameter of the semiconductor which is 6 nm for CdS. The 
band picture is no longer strictly valid in the case of quantum confinement and 
transitions between excitonic levels gain in oscillator strength even at room 
temperature. These effects can be easily seen in optical absorption and 
photoluminescence spectra. The band edge exhibits blue shift with decreasing dot size. 
One of the main motivations of studying nanostructures is their potential as 
materials for photonic applications. Frontier research in photonics revolves around 
development and characterization of materials with large and fast nonlinear optical 
susceptibilities. Quantum dot structure have been known as potential candidate 
materials in this regard though much has not been done about systematic 
characterization of the size dependence of nonlinearity especially in the strongly 
confined regime. Optical phase conjugation studies on CdS quantum dots reveal 
strong enhancement in third order susceptibilities with decreasing dot size [5.31]. 
The optical transitions (one-photon or two-photon) between these discrete 
electron (or hole) energy levels result in excitonic absorption or emission. By the 
Kramers-Kronig relation, they can make contribution to the refraction as well. In fact, 
the interaction between these excitons and photons becomes one of the important 
features in nanocrystals. 
It should be emphasized that such discrete energy levels are very much related 
to the size of nanocrystals. Hence the absorption and refraction of nanocrystals very 
much depend on the size, and such an effect is called quantum size effect. In addition, 
theories predicted large nonlinear optical properties in such nanocrystals. 
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5.3 Metal Nano-Particles  
5.3.1 Surface Plasmons Resonance (SPR)  
In a bulk of conducting material (a metal), the free electrons can oscillate 
collectively at the plasma frequency ωp with respect to the fixed ions and the 
associated quanta are called plasmons. The surface plasmon resonance is a collective 
excitation mode of the plasma localized near the surface.  The surface-plasmon mode 
arises from the electron confinement in the nanoparticle [5.32-5.34]. The resonance 
frequency of the surface plasmon is different from an ordinary plasma 
frequency.  Since the dielectric function tends to become continuous at the interface 
(surface), the oscillation mode shifts from the ordinary plasma resonance and 
exponentially decays along the depth from the surface. At the plasma frequency, the 
dielectric permittivity ε(ω) goes to zero (the plasmon is an eigenmode of the material, 
therefore corresponds to a non-zero polarization without an inducing field). At a 
planar interface between a metal and a dielectric ε1, a surface plasmon mode can 
propagate due to fluctuation of charges at the metal boundary.  
 At high wave vectors, corresponding to small distances, the frequency of the 
surface plasmon is given by ε(ω) = - ε1 . Small sizes correspond to the electrostatic 
limit. The field of the surface plasmon mode decays exponentially on both sides of the 
interface. In the case of a small spherical particle, in the electrostatic limit (radius of 
the particle much smaller than the wavelength), the plasmon resonance frequency is 
obtained from the dependence of the dipole moment β of the sphere on the applied 
field E0 (Lorentz-Lorentz model): which gives eigen modes for ε(ω) = - 2ε1. 
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As a result of the sharp difference in indices between the metal particles and 
the surrounding matrix, the electromagnetic field distribution in the composite will be 
very different from that of a homogeneous matrix without embedded particles as 
shown in Figure 5.2. The field is specially concentrated in the gap between two metal 
spheres and depending on the size of the particles, on the gap, and on the wavelength, 
the enhancement factor can reach 1000. Furthermore, it is envisaged that the 
enhancement factor will be essentially determined by the particle diameter and the 
surrounding matrix through quantum and dielectric confinement effects, respectively. 
The plasmon resonance depends on the dielectric in which the nanoparticles are 
contained, and depends also on the particle shape [5.35, 5.36]. The width of the 
plasmon peak is related to the imaginary part of  ε(ω), which is particularly small for 
the noble motels. Because of the localized field amplification that occurs, excitation 
of surface plasmons in metal nanoparticles placed on a semiconductor might be 
expected to enhance optical absorption of incident photons within the semiconductor 
region near each nanoparticle. It can be expected that the local field enhancement also 
plays an important role in off-resonant excitation.  
 
Figure 5.2:  Schematic illustration of the field concentration in the gap in a   
                     pair of metal sphere in the electrostatic approximation. 
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5.3.2 Surface Plasmon (SP) on a Smooth Surfaces 
The smooth surface between metal and dielectrics as shown in Figure 5.3 (a) 
and corresponding dispersion relation curve for non-radiative confined  propagating 
mode is shown in Figure 5.3(b). 
Let the field components are given by the following Equations: 
       (5.2)  
where l = 1, 2 and  wave-vector k is given by  
 
For confined propagating mode (non-radiating), '2'1 εε −<   
 
              
 
Figure 5.3:  Schematic of smooth surface between metal and dielectrics (a)  
                      and the corresponding dispersion curve (b) for nonradiative  
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5.3.3 Optical Nonlinearity and the SPR 
Nonlinear materials with large nonlinear optical susceptibility and fast 
response time are essential requirements for future photonic devices such as all optical 
switches and modulators [5.37–5.39]. Nanoparticles–dielectrics composite system 
exhibition of a large third-order optical nonlinearity χ(3), ultrafast response time & 
tunable surface plasmon resonance (SPR) frequency and considerable enhancement of 
the χ(3) (~10−7 esu) has been observed around the peak of the SPR [5.40]. Such 
enhancement is due to the local field enhancement near and inside the metal particle 
at the SPR [5.39, 5.43, 5.44], which actually originates from an inhomogeneous 
distribution of the matrix. The collective oscillations of the conduction electrons can 
be stimulated with light and when the laser field frequency coincides with the surface 
plasmon-resonance frequency of a metal nanoparticle, huge field enhancement can be 
achieved.  One of the characteristics in metal nanoparticles is the fast optical response, 
which arises from ultrafast relaxation both for electron-electron and electron-phonon 
interactions.  When the surface plasmon mode is excited, the perturbed electronic 
states return to the initial ones via the ultrafast relaxation processes.  This ultrafast 
response can be evaluated by the pump-probe method with a femto-second laser 
system. 
In the low-concentration limit, the effective value of  χ(3) in composites can be 
expressed as ( ) 3m223eff ffp χ=χ  ; where p is the volume fraction of the metal particles, 
f is a local  field factor, and ( )3mχ  is the third order nonlinear susceptibility of the metal 
itself. It is clear that the effective χ(3) is proportional to the fourth power of f .   
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5.4  Sample Description 
The preparation method of Au:CdS nanocomposite film is  as follows [5.19].  
Au nanoparticles were firstly prepared by adding 4 ml of 24.3 mM HAuCl4-
ethanol solution into a boiling solution of tri-sodium citrate (100ml of 1.0 mM) with 
rapid stirring. After the solution had turned purple red within 30 seconds, the solution 
was cooled quickly in the ice-bath and concentrated to 20ml in vacuum. The cleaned 
glass substrates were dipped into 3-mercaptopropyltrimethoxysilane/methanol 
solution for 2h, and then dipped into Au sols for different length of time. 
 CdS colloids were prepared with Cd(CH3COO)2 and CS(NH2)2, 
Cd(CH3COO)2·2H2O(1.0mmol) dissolved in acetic acid (20ml), and equivalent molar 
CS(NH2)2 was dissolved in 2-methoxyethanol (20ml). Then the two solutions were 
mixed and stirred for 60 min at 40 0C at an appropriate pH value. 
  Finally, the glass slides with Au monolayer were dipped into CdS colloids and 
heat-treated at 200oC for 30 min. The diameter of Au nanoparticles is about 13.2 nm. 
High resolution TEM image reveals that this nanocomposite is a type of core (Au)-
shell (CdS) structure with a shell thickness of 4 nm [5.20]. The nanocomposite film 
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5.5 Results and Discussions 
5.5.1 Absorption Spectra 
Figure 5.4 shows the optical absorption spectrum of Au:CdS nanocomposite 
film in the range from 300 to 900 nm. A weak absorption peak at about 550 nm can 
be attributed to surface plasmon absorption by Au nanoparticles. Inspite of the low Au 
particle concentration and the fairly thin thickness of the film (400 nm), the 
absorption peak is clearly observable. We noted that the emission band of CdS 
nanocrystal is in the range of 450 to 570 nm [5.21] which matches well with that of 
the surface plasmon absorption of Au particles. Such energy matching is seen to 
provide a great possibility of energy transfer. We can selectively excite CdS particle 
through TPA process using an infrared (IR) light source that will keep the surface 










Figure 5.4: UV-visible absorption spectrum of Au:CdS nanocomposite film. The  
                     arrows pointed at 550 nm and 800 nm indicate the absorption peak of   
                     the surface plasmon resonance and laser wavelength for the pump-probe  
                     measurement, respectively 
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5.5.2 Nonlinear Optical Characterization 
Pump and probe experiments were performed by using a Ti: Sapphire laser 
(Tsunami, Spectra-Physics) with a pulse duration of 200 fs, repetition rate of 82 MHz 
and a center wavelength of 800 nm. The ratio between the pump and probe intensity is 
about 10 with an average pump radiance of 2GW/cm2 at the sample position. 
 The time dependence of the transmittance of probe beam is shown in Figure 
5.5(a). Around zero delay time, the signals show an abrupt dip below the baseline 
followed by an abrupt rise. The maximum rise is obviously over the baseline. After 
the initial dip and rise, the signals slowly recover to the baseline with a time constant 
about 3.2 ps. The abrupt dip, with a full width at half maximum of about 300 fs, is 
believed to arise from the contribution of two photon absorption by CdS nanoparticles. 
 We have also performed an experiment on pure CdS polycrystals, and the 
pump-probe signal is shown in Figure 5.5(b) for comparison. As previous report, only 
TPA signal was observed.  
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Figure 5.5: (a) Time dependence of the transient change in transmission ∆T measured   
                       in  Au:CdS nanocomposite film with excitation at 800 nm, the dotted   
                       line is  fitted curve with  fitting time-constant of 3.2 ps 
 (b) Temporal evolution of the transient change in transmission  ∆T of bulk  
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5.5.3 Discussion 
Obviously, the positive transmittance change with slow recovery time in 
Figure 5.5(a) should come from the saturable absorption (SA) of Au nanocrystals. 
With ultrafast light excitation, the recovery process of SA in metal nanocrystals 
composite film can be explained very well by the two temperature model [5.10].  
Firstly, surface plasmons of the metal nanocrystals are excited with an 
ultrashort pump pulse. Plasmons lose their coherence instantaneously through 
electron-electron scatterings and evolve into a quasiequilibrated hot electron system 
within 100 fs.  
Next the hot electron system loses its energy through electron-phonon 
scatterings, and thereby heating up the temperature of phonon system. A quasi-
equilibrium state is reached after several picosecond between the electron system and 
the phonon system in the nanocrystals [5.22-5.23]. 
At first glance, a direct explanation of the observed signal could simply be an 
overlapping of the transient TPA from CdS particle and the SA process from Au 
particles. If that is the case, the SA process should also be observable in Au:SiO2 and 
Au:TiO2 nanocomposites under off-resonance. However, we did not observe SA 
process in these two systems under off-resonance while the SA process is clearly 
observed when the surface plasmon is in resonance with the laser wavelength [5.24]. 
These facts lead us to the conjecture that there is resonant energy transfer between 
CdS and Au.  
Initially, the CdS particles were excited through two photon absorption at 800 
nm. The carriers in excited states then relaxed firstly to the bottom of the conduction 
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band through electron-phonon coupling, to be followed by radiative recombination of 
carriers in the CdS nanocrystals that are in resonance with the surface plasmon 
absorption of the Au particles. The radiated energy was strongly absorbed by the Au 
particles and excited the surface plasmons.  
In order to verify this assumption, we investigate the photoluminescence (PL) 
of three types of CdS nanocomposite samples. PL emission was not observed in the 
present sample. On the other hand in the CdS/ZrO2 and CdS/TiO2 samples, the PL 
emission is very strong with PL peak at 550 nm [5.21]. In summary, the absence of 
PL in the present sample demonstrates that there is resonant energy transfer between 
CdS and Au nanoparticles in the Au: CdS nanocomposite.  
In order to evaluate the TPA coefficient β of CdS nanocrystals in the 
nanocomposite, we perform a comparison with that of bulk CdS by the following 
expression: 
 
the subscripts s and r denote the Au: CdS nanocomposite film and the 0.5 mm-thick 
bulk CdS sample, respectively. L is the interaction length of pump and probe beam 
over the sample, α the linear absorption coefficient, and R the surface reflectance.  
The value of β of the bulk CdS was reported to be 6.4 cm/GW with 120 fs 
pulse at 780 nm [5.25] With this reference value, the value of β of CdS in the 
nanocomposite was found to be as large as 38 cm/GW, which represents an 
enhancement of nearly 6-fold. This large enhancement should come from the local 
field effect [5.26]. 
(5.5) 
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 In the metal/dielectric composite system, there is a sharp difference in 
refractive indices at the interface of the metal particles and the surrounding matrix. 
The electromagnetic field distribution in the composite system will be very different 
from that of a homogenous matrix without embedding particles. According to Lorenz-
Mie scattering theory [5.27], the electromagnetic field the near particle surface (local 
field) can be enhanced considerably compared to the incident illuminated field. In fact, 




  We investigated the Au: CdS nanocomposite film using femtosecond pump-
probe measurement at 800 nm and studied the excited state dynamics of Au: CdS 
nanocomposite film. The time dependence of transmittance shows enhanced two-
photon absorption of CdS particles, followed by a saturable absorption and a 3.2 ps 
recovery process which clearly demonstrates that resonant energy transfer between 
CdS and Au nanocomposite systems occur with excitation at 800 nm.  
  In addition, resonant energy transfer was observed for the first time between 
Au and CdS nanoparticles according to our knowledge, and the TPA enhancement of 
CdS nanoparticles was as large as nearly 6-fold compared to that of bulk CdS.  
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In conclusion, we report the results obtained from systematic study by 
femtosecond pump-probe experiment on two-photon absorption (TPA) coefficients in 
several one-dimensional photonic crystal (1D-PC) samples, where each of them 
contains a CdS layer with a nearly fixed resonant defect mode at 800 nm. Sample PA-
4 & Sample PB-4 has a total of 9 dielectric layers while PA-8 & PB-8 has a total of 
17 dielectric layers; each having CdS defect layer at center. The defect mode is 
positioned nearly at the mid-gap of the photonic band gap (PBG) structure for Group 
A samples but deviates from the mid-gap of the PBG for Group B samples.  
 The values of two-photon absorption coefficient ( β ) for PA-4, PA-8, PB-4 
and PB-8 were determined to be 60.1, 160.3, 19.3 and 74.6 cm/GW and the 
corresponding enhancements relative to the bulk CdS are 9.4, 25.0, 3.0 and 11.7 times, 
respectively. We have successfully demonstrated an enhancement of the TPA 
coefficient for a single CdS defect layer imbedded in 1D PC with different number of 
periods and structures. 
Enhancement of optical nonlinearity in 1D PC structure with defect is 
understood to originate from electric field localization within the defect layer The 
intensity of local field increases with number of periods (NOP) because the number of 
trips of a beam of light trespassing the defect layer increases with the NOP of the 
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dielectric mirrors. Similarly, for the same reason the defect mode localized at the mid-
gap of photonic band gap (PBG) will experience a stronger local field than that for a 
defect mode displaced from the mid-gap. In order to explain the nonlinear 
enhancement in TPA qualitatively, transfer matrix method was employed to calculate 
the steady-state electric field distribution within these 1D PC samples at 800 nm 
(defect mode wavelength). These results are consistent with the experimental 
observations. Our results clearly show that: 
(i) the greater the number of dielectric layers, the greater the 
enhancement of the TPA signal; and  
(ii)  the optimization of two-photon absorption coefficient of the defect 
layer reaches its peak when the defect mode falls on the center of 
the photonic bandgap.  
  We also investigated the Au:CdS nanocomposite film using femtosecond 
pump-probe measurement at 800 nm and studied the excited state dynamics of Au: 
CdS nanocomposite film. The time dependence of transmittance shows enhanced two-
photon absorption of CdS particles, followed by a saturable absorption and a 3.2 ps 
recovery process which clearly demonstrates that resonant energy transfer between 
CdS and Au nanocomposite systems occur with excitation at 800 nm.  
The value of two-photon absorption coefficient (β) of CdS in the 
nanocomposite was found to be as large as 38 cm/GW, which represents an 
enhancement of nearly 6-fold (reference value of the bulk CdS is 6.4 cm/GW with 
120 fs pulse at 780 nm). This large enhancement should come from the local field 
effect. In addition, resonant energy transfer was observed for the first time between 
Au and CdS nanoparticles according to our knowledge.  
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The enhancement in two-photon absorption shows that these materials have 
potential applications in the telecommunications industry. Work should continue to 
increase our understanding of these novel materials for all-optical switching systems. 
Our work can be extended to the following areas of promising research:  
• The TPA process is a fast process, meaning that the localization of power in 
time is detectable with a very short response time. Therefore the electronics in 
the system need only be fast enough to detect changes in the average 
photocurrent. This is the main advantages of this process which makes it 
suitable for an ultrafast clock-recovery system. This gives us ideas for the 
future work in this research in utilizing the TPA process for a fast clock-
recovery system. 
• Time-resolved experiments to probe the decay times of the various nonlinear 
processes thought to be present in semiconductors excited by femtosecond 
pulses.  
• Femtosecond Z-scan experiments to measure the dispersion of ultrafast 
nonlinearity in semiconductor nanocrystals, in order to compare it with that of 
bulk  
• Although the work presented in this dissertation involved defects in one-
dimensional photonic crystals, the measurement method could certainly be 
expanded to encompass two- or three-dimensional photonic crystals, or any 
optical element whose spectral characteristics are of interest. 
• Theoretical model should be modified to more accurately account for the 
effects of the non-uniformity in defect thickness.  
 
APPENDIX-I 
NONLINEAR OPTICAL EFFECTS IN CdS AND Au:CdS NANOCOMPOSITE 108 
APPENDIX – I 
 
 
%This code calculate the transmittance for our PA-4 sample described 
in chapter 4 ;which is  one dimensional photonic crystal(made up of 
alternate layers of SiO2 and TiO2)alongwith a defect layer of CdS at 
the center .  
  
%For PA-4...Res=M*N*M*N*S*N*M*N*M, d=0.09(TiO2 thickness),a=0.138 
(SiO2 thickness) and x=0.355(CdS thickness) parameters are used 
because PA-4 samples have 9 layers, four layers of SiO2 & TiO2 each 
and 1 defect CdS layer 
  
%For PA-8, PB-4 and PB-8 samples, this code can be used without 
modification. Only following parameters will be used accordingly. 
  
%For PA-8... Res=M*N*M*N*M*N*M*N*S*N*M*N*M*N*M*N*M (Since 17 layers) 
             and d=0.09, a=0.138 , x=0.355  
 
%For PB-4... Res=M*N*M*N*S*N*M*N*M (Since 9 layers) 
             and d=0.099, a=0.151 , x=0.324  
 
%For PB-8... Res=M*N*M*N*M*N*M*N*S*N*M*N*M*N*M*N*M (Since 17   
             layers) and d=0.099, a=0.151 , x=0.324  
 
  
Code for PA-4 sample Transmittance calculation (Chapter 4): 
  
  
l=[0.6:0.001:1.1];  % Wavelength from 600nm to 1100nm in steps of 1nm. 
  
d=0.09;          %Thickness of TiO2 (higher refractive index)is 90nm 
  
a=0.138;         %Thickness of SiO2 (higher refractive index)is 138nm  
 




for j=1:501; % because total 501 steps involved for Wavelength from   
              600nm to 1100nm in steps of 1nm 
 
     
% For TiO2, matrix element is calculated here.  
     
      n(j)=2.21-0.002*i; %Refractive index of TiO2  
    
      M11(j)=cos(2*d*pi*n(j)/l(j)); 
      M12(j)=i*sin(2*d*pi*n(j)/l(j))/n(j); 
      M21(j)=i*n(j)*sin(2*d*pi*n(j)/l(j)); 
      M22(j)=cos(2*d*pi*n(j)/l(j)); 
      
      M=[M11(j),M12(j);M21(j),M22(j)]; 
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 % For SiO2, matrix element is calculated here. 
      
      r(j)=1.45-0.002*i; %Refractive index of TiO2 
       
      N11(j)=cos(2*a*pi*r(j)/l(j)); 
      N12(j)=i*sin(2*a*pi*r(j)/l(j))/r(j); 
      N21(j)=i*r(j)*sin(2*a*pi*r(j)/l(j)); 
      N22(j)=cos(2*a*pi*r(j)/l(j)); 
    
      N=[N11(j),N12(j);N21(j),N22(j)]; 
    
    
    
    
% For CdS, matrix element is calculated here. 
      
      p(j)=2.26-0.004*i;  %Refractive index of CdS 
    
      S11(j)=cos(2*x*pi*p(j)/l(j)); 
      S12(j)=i*sin(2*x*pi*p(j)/l(j))/p(j); 
      S21(j)=i*p(j)*sin(2*x*pi*p(j)/l(j)); 
      S22(j)=cos(2*x*pi*p(j)/l(j)); 
    
      S=[S11(j),S12(j);S21(j),S22(j)]; 
      
      
      Res=M*N*M*N*S*N*M*N*M; 
      
      Res11(j)=Res(1,1); 
      Res12(j)=Res(1,2); 
      Res21(j)=Res(2,1); 
      Res22(j)=Res(2,2); 
       
    
    
%Transmittance 
         
          
T(j)=1.52*(2/abs(Res11(j)+1.52*Res22(j)+1.52*Res12(j)+Res21(j)))^2;  





      Res21(j))/(Res11(j)+1.2*Res22(j)+1.52*Res12(j)+Res21(j)))^2; 
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APPENDIX – II 
 
 
% This code calculate the square of electric field amplitude 
distribution within the defect layer for our PA-4 sample described in 
chapter 4 at wavelength of 800nm ;which is a one dimensional photonic 
crystal(made up of alternate layers of SiO2 and TiO2)alongwith a 
defect layer of CdS at the center .  
  
 
% t represent transmission at 800 nm obtained from Appendix I. 
 
% l is the wavelength at which electric field distribution is    
  calculated.  
 
% na: refractive index of air 
 
% ns: refractive index of substrate 
 
% light incident from air side 
 
% p: total thickness of sample (90+138+90+138+355+138+90+138+90=1267) 
for PA-4 samples which  have 9 layers:four layers of SiO2 & TiO2 each 
and 1 defect CdS layer and the corresponding thickness are d=90nm 
(TiO2 thickness), a=138nm(SiO2 thickness) , x=355nm(CdS thickness). 
For PA-8, PB-4 and PB-8 samples, this thickness will be changes 
alongwith the number of layers in photonic crystal. 
 
 
l = 0.800;           
t = 0.699748; 
          
% For TiO2, matrix element is calculated here.  
     
             n = 2.21-0.002* i;    % Refractive index of TiO2  
    
      M11=cos(0.002*pi*n/l); 
      M12=i*sin(0.002*pi*n/l)/n; 
      M21=i*n*sin(0.002*pi*n/l); 
      M22=cos(0.002*pi*n/l); 
      
      M=[M11,M12;M21,M22]; 
    
          
 % For SiO2, matrix element is calculated here. 
      
     r=1.45-0.002*i; %Refractive index of TiO2 
       
      N11=cos(0.002*pi*r/l); 
      N12=i*sin(0.002*pi*r/l)/r; 
      N21=i*r*sin(0.002*a*pi*r/l); 
      N22=cos(0.002*pi*r/l); 
    
      N=[N11,N12;N21,N22]; 
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 % For CdS, matrix element is calculated here. 
      
     q=2.26-0.004* i;  % Refractive index of CdS 
    
      S11=cos(0.002*pi*q/l); 
      S12=i*sin(0.002*pi*q/l)/q; 
      S21=i*q*sin(0.002*pi*q/l); 
      S22=cos(0.002*pi*q/l); 
    
      S=[S11,S12;S21,S22]; 
  
 
na = 1; 
 
  ns = 1.52; 
     
  p = [1:1267];  
  
 
  for k = 1:length(p) 
  
      
if p(k)<=90  %first Tio2 layer position  
     Ma=M^k; 
     Ma11(k)=Ma(1,1); 
     Ma12(k)=Ma(1,2); 
     Ma21(k)=Ma(2,1); 




elseif (p(k)>90 & p(k)<=228) % First Sio2 layer position 
    Naa=N^(k-90); 
    Na=Naa*Ma; 
    Na11(k)=Na(1,1); 
    Na12(k)=Na(1,2); 
    Na21(k)=Na(2,1); 




elseif (p(k)>288 & p(k)<=318) %second Tio2 layer position 
    Mbb=M^(k-288); 
    Mb=Mbb*Na; 
     Mb11(k)=Mb(1,1); 
     Mb12(k)=Mb(1,2); 
     Mb21(k)=Mb(2,1); 
     Mb22(k)=Mb(2,2); 
E(k)=abs((na*Mb11(k)+ns*Mb12(k))*t)^2;  
     
     
elseif (p(k)>318 & p(k)<=456) %second Sio2 layer position 
    Nbb=N^(k-318); 
    Nb=Nbb*Mb; 
    Nb11(k)=Nb(1,1); 
    Nb12(k)=Nb(1,2); 
    Nb21(k)=Nb(2,1); 
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elseif (p(k)>456 & p(k)<=811) %CdS defect layer position 
    Mcc=S^(k-456); 
    Mc=Mcc*Nb; 
     Mc11(k)=Mc(1,1); 
     Mc12(k)=Mc(1,2); 
     Mc21(k)=Mc(2,1); 
     Mc22(k)=Mc(2,2); 
E(k)=abs((na*Mc11(k)+ns*Mc12(k))*t)^2;   
        
     
elseif (p(k)>811 & p(k)<=949) %third Sio2 layer position 
    Ncc=N^(k-811); 
    Nc=Ncc*Mc; 
    Nc11(k)=Nc(1,1); 
    Nc12(k)=Nc(1,2); 
    Nc21(k)=Nc(2,1); 
    Nc22(k)=Nc(2,2); 
E(k)=abs((na*Nc11(k)+ns*Nc12(k))*t)^2;  
    
     
elseif (p(k)>949 & p(k)<=1039) %third Tio2 layer position 
    Mdd=M^(k-949); 
    Md=Mdd*Nc; 
     Md11(k)=Md(1,1); 
     Md12(k)=Md(1,2); 
     Md21(k)=Md(2,1); 
     Md22(k)=Md(2,2); 
E(k)=abs((na*Md11(k)+ns*Md12(k))*t)^2;          
        
     
elseif (p(k)>1039 & p(k)<=1177) %fourth Sio2 layer position 
    Ndd=N^(k-1039); 
    Nd=Ndd*Md; 
    Nd11(k)=Nd(1,1); 
    Nd12(k)=Nd(1,2); 
    Nd21(k)=Nd(2,1); 
    Nd22(k)=Nd(2,2); 
E(k)=abs((na*Nd11(k)+ns*Nd12(k))*t)^2;    
  
  
elseif (p(k)>1177 & p(k)<=1267) %fourth Tio2 layer position 
    Mee=M^(k-1177); 
     Me=Mee*Nd; 
     Me11(k)=Me(1,1); 
     Me12(k)=Me(1,2); 
     Me21(k)=Me(2,1); 
     Me22(k)=Me(2,2); 
E(k)=abs((na*Me11(k)+ns*Me12(k))*t)^2;  
           
  
end 
      
end 
 
 
 
 
 
